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Die Onychomykose ist eine sehr häufige Erkrankung, deren Auftreten weltweit zunimmt und 
mit einer Pilzinfektion der Nägel einhergeht. Derzeit werden oral oder topisch verabreichte 
Antimykotika zur Behandlung der Onychomykose eingesetzt. Diese derzeitigen Behandlungen 
sind jedoch hinsichtlich Effizienz, Sicherheit und Kosten nicht zufriedenstellend. Dies 
motiviert Bemühungen, nach alternativen Behandlungsmethoden zu suchen. Diese Dissertation 
untersucht die Auswirkungen der photodynamischen Inaktivierung (PDI) auf Dermatophyten 
und Schimmelpilze. Als Modellorganismen werden drei der Onychomykose auslösenden 
Pathogene untersucht: Trichophyton rubrum, Trichophyton interdigitale und der Schimmelpilz 
Scopulariopsis brevicaulis.  
Um das Potenzial der PDI gegen Onychomykose verursachende Pathogene, abzuschätzen, 
wurden Phototoxizitätstests mit drei Photosensibilisatoren (PS) durchgeführt: den kationischen 
5,10,15,20-Tetrakis(1-methylpyridinium-4-yl) porphyrintetra(p-toluenesulfonate) (TMPyP) 
und and 5,10,15-tris-(1-methylpyridinium-2-yl) corrolato-(trans-dihydroxo) phosphorus(V) 
(PCor+) sowie dem anionischen 4',5',7'-tetrabromo-3',6'-dihydroxyspiro[2-benzofuran-3,9'-
xanthene] -1-one (Eosin G). Neben den Phototoxizitätstests wurden zeitaufgelöste 
Singulettsauerstoff-Lumineszenz Scans aufgenommen, die zur Verifizierung der PDI Effizienz 
genutzt wurden. Dabei wurde die Forschung zunächst mit in-vitro-Experimenten an 
Sporensuspensionen und Oberflächen begonnen, gefolgt von ex-vivo-Tests an infizierten 
menschlichen Nägeln. Für jedes dieser Stadien wurden die Ergebnisse der Phototoxizität mit 
der Effizienz der Singulettsauerstoff-Lumineszenz korreliert. Alle drei PS zeigen in vitro eine 
hohe phototoxische Wirkung gegen die drei Pilzarten. Diese konnte mit Singulettsauerstoff-
Lumineszenzmessungen korreliert werden, bei denen ein hohes Singulettsauerstoff-
Lumineszenzsignal erfasst wurde. Entgegen den Erwartungen aus den in-vitro-Experimenten 
gestalteten sich die Ergebnisse der ex-vivo-Versuche: An infizierten menschlichen Nägeln 
konnten die PS keinen phototoxischen Effekt induzieren. Singulettsauerstoff-Scans, die für 
einen Einblick in die zugrundeliegenden Ursachen durchgeführt wurden, zeigten fast kein 
Singulettsauerstoff-Lumineszenzsignal an menschlichen Nägeln. Eine Anreicherung der 
Atmosphäre mit Sauerstoff führt zu einer leichten Verbesserung des Signals. Könnten die 
verschiedenen bekannten Herausforderungen im Zusammenhang mit PDI an infizierten 
menschlichen Nägeln - wie die Steifigkeit der Nagelplatte und ihre chemische 
Zusammensetzung – bewältigt werden, indem die Permeabilität der Nagelplatte erhöht und die 
Sauerstoffversorgung verbessert wird, hätte die PDI das Potenzial, eine schnellwirkende 
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Behandlungsmethode dieser Pilzinfektion im Zehennagel zu werden. Diese Studie zeigt 























Onychomycosis is a very common illness that befalls an increasing number of individuals 
worldwide and involves a fungal infection of the nails. Currently, orally or topically 
administrated antimycotics are in use for the treatment of onychomycosis. However, these 
current treatments are unsatisfactory regarding efficiency, safety and costs. This justifies the 
efforts to look for alternative treatment modalities. This dissertation investigates the impact of 
photodynamic inactivation (PDI) against dermatophytes and molds. Three of the causing 
pathogens of the dermatological disease onychomycosis are under investigation: Trichophyton 
rubrum (T. rubrum), Trichophyton interdigitale (T. interdigitale) and the mold Scopulariopsis 
brevicaulis (S. brevicaulis).  
To assess the potential of PDI against onychomycosis causing pathogens, phototoxicity tests 
were performed using three photosensitizers (PSs): the cationic 5,10,15,20-Tetrakis(1-
methylpyridinium-4-yl) porphyrintetra(p-toluenesulfonate) (TMPyP) and 5,10,15-tris-(1-
methylpyridinium-2-yl) corrolato-(trans-dihydroxo) phosphorus(V) (PCor+) as well as the 
anionic 4',5',7'-tetrabromo-3',6'-dihydroxyspiro[2-benzofuran-3,9'-xanthene]-1-one (Eosin Y). 
Alongside the phototoxicity tests, time resolved singlet oxygen luminescence scans were 
conducted to serve as a control method of PDI. The research strategy was to start with in vitro 
experiments on spore suspensions and on surfaces followed by ex vivo tests on infected human 
nails. For each of these stages, the results of phototoxicity were correlated with the singlet 
oxygen scans. All three PSs proved to have a high phototoxic effect against the three fungi 
species in vitro. Those could be correlated with singlet oxygen measurements, where a high 
singlet oxygen luminescence signal was acquired. Contrary to the expectations from the in vitro 
experiments were the results obtained ex vivo: On infected human nails, the PSs were not able 
to induce a phototoxic effect. Singlet oxygen scans conducted to get insight into the reasons 
behind these results showed nearly no singlet oxygen luminescence signal on human nails. 
Enrichment of the atmosphere with oxygen lead to a slight improvement of the signal. 
Addressing the various known challenges associated with PDI on infected human nails - like 
the nail plate rigidity and its chemical composition - by enhancing the permeability of the nail 
plate and additional oxygenation, PDI would have a great impact within short time on treating 
the toenail fungal infection. This study, for the first time, shows the correlation between PDI 
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Dermatophytes are a group of fungi causing infections to hair, nail and skin because of their 
ability to metabolize keratin. They secrete proteolytic enzymes which help them to metabolize 
keratin and thus invade any keratinous structures (1). As with other microorganisms, moist, 
warm and dark places are the best environment for their growth, as is the case inside of shoes 
and socks. Dermatophytes get under the nail fold and cause infection of the toenail, often 
rapidly spreading to neighbouring nails, fingernails and skin. Fungal infection of the toenail - 
or onychomycosis - is considered a serious health problem, especially in Europe and North 
America (2). The infection causes excessive thickness as well as discoloration of the nails and 
reduces the quality of life for the patients (3–6). Old people and immunocompromised patients 
like diabetics and AIDs patients are the ones most susceptible to the infection (7; 8). The main 
causative pathogens of onychomycosis are Trichophyton rubrum (T.rubrum) , Trichophyton 
interdigitale (T.interdigitale) and less frequently molds like Scopulariopsis brevicaulis (S. 
brevicaulis) or Aspergillus spp (9). In most countries, T. rubrum is responsible for about 90% 
of cases, followed by T. interdigitale with 8% (2). Oral or topical administered antifungals are 
currently used for the treatment of onychomycosis. In some cases, both treatment modalities 
are used simultaneously to increase the cure rate of the infection. Current therapy includes 
different antifungals like azoles and terbinafine (10; 11). Most antifungals have a fungistatic 
rather than a fungicidal effect. The antifungal’s sites of action are the metabolic parts of the 
fungal cell. For example, azole’s site of action is the ergosterol on the cell membrane. Thus the 
conidia are left unaffected which may cause recurrences of the infection. In addition to being 
rather inefficient, the currently available antifungals are very expensive, associated with several 
side effects and a long treatment period of up to 18 months (8). A further point is the resistance 
to antifungal drugs i.e. in case of the dermatophyte T. rubrum which raises the question of 
alternative treatment options. The negative image associated with onychomycosis treatment 
justifies the efforts to look for alternative treatment modalities.  
Over the last ten years, several studies investigated the potential of photodynamic inactivation 
as a new antimicrobial tool. It was shown that photodynamic inactivation (PDI) is an efficient 
modality to kill several microorganisms such as bacteria, mold fungi and green algae (12–16). 
However, pathogenic fungi – particularly dermatophytes – have been rather neglected by PDI 
research. Recently some investigations showed that PDI of the dermatophyte T. rubrum is 
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possible in principle (17–24). In this study, I test the possibility of PDI of three causative 
pathogens of onychomycosis: the dermatophytes T. rubrum, T. interdigitale and the mold S. 
brevicaulis. The photosensitizers used in this investigation are the cationic porphyrin 
5,10,15,20-Tetrakis(1-methylpyridinium-4-yl) porphyrintetra(p-toluenesulfonate) (TMPyP) 
and 5,10,15-tris-(1-methylpyridinium-2-yl)corrolato-(trans-dihydroxo)phosphorus(V) (PCor+) 
as well as the anionic 4',5',7'-tetrabromo-3',6'-dihydroxyspiro[2-benzofuran-3,9'-xanthene]-1-























1.2 Objective of the PhD thesis 
The difficulties associated with onychomycosis current treatment justify current efforts to 
develop new treatment modalities like biophysical treatments. In this study, photodynamic 
inactivation of dermatophytes is investigated for its potential to overcome the drawbacks of 
conventional treatments. Photodynamic treatment of onychomycosis is a promising treatment 
modality aimed to be a fast, efficient and cheap treatment.  
Three fungi species and three photosensitizes are involved in this study. T. rubrum, T. 
interdigitale and S.breivecaulis were provided from the Department of Dermatology, university 
hospital in Greifswald, Germany. Fungi strains were isolated from patients diagnosed with 
onychomycosis. The PSs are the cationic TMPyP, PCor+ and the anionic eosin Y. They were 
chosen due to their efficiencies against bacteria, mold fungi and green algae. 
This PhD thesis will begin with in vitro investigations followed by ex vivo investigation using 
human nails as an ex vivo model. 
Not only the treatment development is to be investigated here but also singlet oxygen scans is 
to be applied in each part. Singlet oxygen scanning is a direct method to study the PSs behaviour 
in their microenvironment. It serves as control method to improve the conditions for better 













2.1 Photosensitization and singlet oxygen generation 
As was proven, the use of light for medical treatment is historically founded. Ancient 
civilizations used light to treat various ailments, including skin diseases (25; 26). Nevertheless, 
photobiological research began no earlier than in the 19th century, when a medical student in 
Munich, Oscar Raab, discovered that the use of certain dyes such as eosin in the presence of 
certain wavelengths of light led to a fetal effect on protozoan. Raab's discovery was the key to 
a variety of research activities in the field of photodynamic action. Photosensitizers (PSs) are 
molecules that not only absorb light but are also excited to a long-lived, high-energy triplet 
state. The PS first absorbs a quantum of light and is excited from the base singlet state (S0) to 
the higher singlet states (Sn). Then the relaxation of Sn takes place down to the lowest excited 
singlet state S1. Intersystem crossing (ISC) generates the excited triplet state of the sensitizer. 
Since the relaxation of the singlet excited state into the triplet excited state is spin prohibited, 
the triplet lifetime is relatively long (µs). The long lifetime of the triplet-excited state of the 
sensitizer allows various interactions. Two of interactions allow for photosensitization: electron 
transfer or energy transfer (27-31).  
Via electron transfer reactions (type I or type III photosensitization), an electron or hydrogen 
atom is transferred to a substrate or to molecular oxygen, creating free radicals. The high 
reactivity of the radicals leads to further interactions with other biological substrates in the 
vicinity, leading to structural or functional changes. These reactions require a direct interaction 
between the sensitizer and the substrate and are beneficial in environments with low oxygen 
concentrations. 
In the energy transfer reaction (or Type II photosensitization) energy is transferred from the 
sensitizer to molecular oxygen resulting in the generation of singlet oxygen. 
The Jablonski diagram (Figure 1) gives a clear explanation of all steps involved in the 







Figure 1: Jablonski diagram showing all electronic and vibronic states of the photosensitizer and the molecular 
oxygen and all relevant processes. 
Steps involved in photosensitization: 
1. Absorption (PS excitation):
In their ground state, PSs are in the singlet state. When the PS absorbs a quantum of light it is 
excited to a higher energy level as absorption lifts an electron from the ground singlet state to 
a higher molecular orbital without changing in its spin. As a result, the PS molecule reaches an 
excited singlet state (S0  Sn). 
𝑃𝑃𝑃𝑃 + ℎ𝜐𝜐𝑒𝑒𝑒𝑒𝑒𝑒 ⟶ 𝑃𝑃𝑃𝑃∗1  













Si: singlet state        IC: Internal Conversion 
Tj: Triplet state       ISC: Intersystem crossing 
Kx: Rate constant     Phos: Phosphorescence 
ET: Energy transfer     q: quenching 
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2. Internal conversion (radiationless relaxation) 
Some PSs are generally excited to higher vibrionic singlet states Sn and not directly to the first 
excited state S1,0, so they exhibit a radiationless relaxation decay within picoseconds to 
aforementioned state (Sn  S1,0) in a process called internal conversion. 
𝑃𝑃𝑃𝑃∗𝑛𝑛 ⟶ 𝑃𝑃𝑃𝑃∗1         : − 𝐾𝐾𝐼𝐼𝐼𝐼[𝑃𝑃1] 
3a. Fluorescence (PS deactivation): 
The excited PSs can decay directly back to the ground state emitting light with an energy equal 
to the energy difference between the ground state and the excited states. The light emitted here 
spontaneously in such a process is called fluorescence. 
1PS*                        PS + hνflu   : -KF [S1 ] 
3b. Intersystem crossing (ISC) (Other deactivation pathway of the PS):  
In ISC, the PS in the singlet excited state undergoes multiplicity change. This results in 
occupation of its first excited triplet state. The short energy gap between S1 and T1 and the 
strong spin orbital coupling result in high quantum yields of ISC. The decay from the excited 
triplet state back to the ground singlet state is spin forbidden so the triplet excited state has a 
longer lifetime which extends to microseconds allowing for several reactions. 
1PS*                        3PS*    : -KISC [S1 ] 
4a. Phosphorescence (Radiative decay back to the ground state):   
As the energy gap between T1 and S0 is too high, the transition between them is unlikely. 
However, the triplet excited state PS might decay back to its singlet ground state. This comes 
along with phosphorescence emission.  
3PS*                      PS + hνpho    : -KP [T ] 
4b. Energy transfer from the PS to molecular oxygen: 
When a type II reaction takes place, the PS in its excited triplet state interacts with molecular 
oxygen via Dexter energy transfer (Figure 2). Herein, a lowest unoccupied molecular orbital 
(LUMO) electron from the PS is transferred to molecular oxygen and a highest occupied 
molecular orbital (HOMO) electron from the oxygen is in turn transferred to the PS. This 
process requires adjacency of both PS and molecular oxygen in order to occur. Energy transfer 
from the triplet excited state PS to a molecular oxygen leads to singlet oxygen generation. 
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3PS* + O2 PS + 1O2     : -KΔ,R [1O2] 
Figure 2: Dexter energy transfer between PS* and molecular oxygen. 
2.2 Deactivation of singlet oxygen 
Singlet oxygen possesses various deactivation channels after excitation. These either belong to 
monomolecular deactivation or to physical and chemical quenching. The monomolecular 
deactivation of singlet oxygen is associated with a phosphorescence emission at a wavelength 
of 1270 nm. Thus it is called radiative deactivation. 
1O2 O2+ hν 
The intensity of phosphorescence depends on the singlet oxygen quantum yield ΦΔ and the 
singlet oxygen decay rate KΔ,R. Since the microenvironment has a large influence on singlet 
oxygen decay kinetics, KΔ,R also depends on the microenvironment (37; 38). 
The decay rates of singlet oxygen KΔ and the singlet oxygen lifetime τΔ allow to study the decay 
kinetics in different media. The microenvironment in which singlet oxygen is located has great 
potential in terms of its kinetics. The singlet oxygen decay rate KΔ represents all decay paths of 
singlet oxygen (36). 
KΔ= KΔ,R + KΔ,NR + KΔ,R
Where: 
• KΔ,R is the rate constant of the singlet oxygen radiative decay.
• KΔ,NR is the rate constant of the physical quenching of singlet oxygen.
• KΔ,R is the rate constant of the chemical quenching of singlet oxygen.
The physical quenching of singlet oxygen has different channels: Energy transfer, charge 
quenching and electronic-vibrational energy transfer (25–28). These processes require collision 
between singlet oxygen and acceptor molecules.  














• KΔ,ET is the rate of the energy transfer deactivation. 
• KΔ,CT is the rate of charge transfer deactivation. 
• KΔ,e-v is the rate of electronic vibrational energy transfer deactivation. 
• [Q] is the concentration of quenchers. 
• [S] is the concentration of solvent. 
Charge transfer takes place in the presence of quenchers with an energetically high triplet state 
and a low oxidation potential like vitamins E and B12 (29). If the quenchers have a lower 
energetic triplet state than singlet oxygen, excitation energy transfer occurs. In the electronic-
vibrational pathway, singlet oxygen converts its energy to vibrational modes of the acceptor. 
Good matching between the vibrational mode of the acceptor and the energy of singlet oxygen 
is required. In O-H containing solvents, better matching occurs and thus the process is more 
likely. In C-H containing solvents it is less favorable due to poor matching. Figure 3 (30) shows 
a comparison between the energy levels of singlet oxygen and different solvents (31–33).  
 
 
        
 
Figure 3: The energy levels of singlet oxygen and different solvents showing vibrational transition (after 30). 
C-H C-D O-H O-D 
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The third pathway of singlet oxygen deactivation is the chemical quenching. Chemical 
quenching is a dominant process in many systems. In chemical quenching, singlet oxygen reacts 
with a quencher molecule and the result of the chemical reaction is the consumption of both the 
quencher and singlet oxygen - in contrast to physical quenching where no consumption of 
oxygen occurs (34).  The different deactivation channels compete with each other. In gas phase, 
radiative deactivation is dominant. In solvents, physical and chemical quenching are more 
probable. In biological systems, the deactivation mechanism depends on the site where singlet 
oxygen is produced. 
2.3 Detection and characterization of singlet oxygen 
Detection of singlet oxygen is very important to prove the generation of singlet oxygen and to 
quantify the amount of oxygen in addition to gaining information about singlet oxygen kinetics 
and its parameters. It can be observed directly by spectroscopic methods i.e. the detection of 
singlet oxygen phosphorescence at 1270 nm. Furthermore, limited information about singlet 
oxygen could be observed chemically by the use of singlet oxygen quenchers for example. In 
this section, a brief description of both direct and indirect singlet oxygen will be given. 
Indirect singlet oxygen detection 
Chemical indirect singlet oxygen detection is an old method for the observation and detection 
of singlet oxygen. Indirect detection only provides information about the generation of singlet 
oxygen and its amount. A secondary reporter or sensor molecule in addition to singlet oxygen 
chemical quenchers can be used for singlet oxygen identification. The use of chemical 
quenchers and secondary reporters could interfere with the investigated system and the required 
proximity between sensor molecule and PS is difficult to achieve in heterogeneous 
environments. Despite the limitations of indirect detection methods mentioned above, it 
continues to be used. (45–47). 
Direct singlet oxygen detection 
Identifying and quantifying singlet oxygen without spoiling the system under investigation is 
of a great importance. Therefore, detection without adding any additional substance is 
preferable, which is possible by direct detection of the characteristic weak NIR luminescence 
of singlet oxygen at 1270 nm. The luminescence is characteristic in both, kinetics and spectral 
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distribution. As a consequence, there are two principle options, spectrally resolved or time 
resolved detection. Good spectral resolution often results in a reduced sensitivity and was 
therefore usually performed in steady state manner. Only very recently, it was possible to 
combine the advantages of both methods, using a tiltable Interference filter for wavelength 
discrimination in a setup for time-resolved detection (35–37). 
Spectrally resolved (steady state) detection provides spectral information that is important when 
singlet oxygen lifetime is much shorter than the triplet lifetime and short time artifacts masks 
the rising flank, hence, especially in biological systems. It is also easier to perform. Spectrally 
resolved detection offers higher sensitivity but usually with lower SNR unless block-in system 
is applied. The main limitation of spectrally resolved detection is the lack of temporal 
information and thus no kinetics is provided. The need to resolve the kinetics and its 
characteristic parameters come up later with time resolved detection. With more complex 
electronics, time resolved detection could be performed at a fixed wavelength. This method 
gives information about the kinetics and its characteristic parameters and thus follow the effect 
of the PS’s microenvironment and any changes therein (38–42; 35). For this reason, time 
resolved detection was conducted in this investigation. It was important to observe the effect of 
the presence of fungi in the PS’s microenvironment on the kinetics. Table 1 summaries the 
advantages and limitations of spectrally and time resolved detection methods.  
 




• Higher sensitivity 
• Easier to perform 
• Spectral information 
 
 
• Time resolution information 
• Better SNR 




• usually lower SNR 
• No temporal information 
 
• Technically more difficult 
• Measurements at a fixed wavelengths 




2.4 Singlet oxygen kinetics 
The analysis of singlet oxygen kinetics is very important to understand the behavior of a PS in 
its microenvironment. It is also important to obtain information about the generation, 
deactivation and diffusion of singlet oxygen. Since singlet oxygen kinetics is environment 
dependent, all these parameters about singlet oxygen generation and deactivation depend on the 
local environment of the system under study. In homogenous systems, such as PS in a solution, 
three rate-based processes are involved 
• Dexter energy transfer from PS triplet excited state to molecular oxygen triplet ground
state, KET.
• PS triplet excited state deactivation without singlet oxygen generation.
• All singlet oxygen quenching processes.




= +𝐾𝐾𝐸𝐸𝐸𝐸. [O2]. [𝑇𝑇] − (𝐾𝐾𝑞𝑞. [𝑄𝑄] + 𝐾𝐾𝑝𝑝ℎ𝑜𝑜𝑜𝑜). [Δ] 
𝑑𝑑[𝑇𝑇]
𝑑𝑑𝑑𝑑
= −𝐾𝐾𝐸𝐸𝐸𝐸. [O2] + �𝐾𝐾𝑝𝑝ℎ𝑜𝑜𝑜𝑜,𝐸𝐸 + 𝐾𝐾𝑛𝑛𝑜𝑜�. [𝑇𝑇] 
(1) 
Where [1O2] is the concentration of singlet oxygen, [T] is the concentration of PS triplet state, 
[O2] is the concentration of molecular oxygen, [Q] is the concentration of singlet oxygen 
quenchers, KET is rate of energy transfer from PS triplet state to molecular oxygen, Kq is the 
rate of singlet oxygen quenching, Kphos,PS is the rate of PS’s phosphorescence, Kphos,Δ is the rate 
of singlet oxygen phosphorescence, Kn,s is the rate of all non-radiative deactivation 
processes(43–45).  
The solution of the rate equation gives us the concentration of singlet oxygen as follows: 
[Δ](T) = [T] .𝐾𝐾𝐸𝐸𝐸𝐸. [O2]
𝐾𝐾Δ − KT  (𝑒𝑒−𝐾𝐾𝑇𝑇t − 𝑒𝑒−𝐾𝐾Δ𝑡𝑡) 
𝐾𝐾Δ = Kq. [Q] + Kphos (2)
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𝐾𝐾𝑇𝑇 = 𝐾𝐾𝐾𝐾𝑇𝑇[𝑂𝑂] + 𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐾𝐾𝐾𝐾ℎ𝑜𝑜𝐾𝐾,𝐾𝐾𝐾𝐾 
 
   
With: τ=K-1  
 [𝛥𝛥](𝑑𝑑) = [𝑇𝑇] 𝜏𝜏Δ
𝜏𝜏T − 𝜏𝜏Δ
 �𝑒𝑒−𝑡𝑡 𝜏𝜏T� − 𝑒𝑒−𝑡𝑡 𝜏𝜏Δ� � 
 
(3) 
Experimentally, the analysis of singlet oxygen kinetics is not easy. It is hard to distinguish 
triplet lifetime from singlet oxygen lifetime. Laser flash photolysis is usually used to determine 
PS triplet lifetime. however, flash photolysis is limited to homogenous systems like PS solution 
(46). An alternative method should be used in microheterogeneous systems such as biological 
samples. In heterogeneous systems, the characteristic parameters change within nanometers of 
the environment inside the same system. The inhomogeneity influences the radiative decay 
constant because it is highly environment-dependent. The quantum yield of singlet oxygen in 
biological systems is about 10-5. To simplify the evaluation of the kinetics in complex systems, 
the system is divided into several homogeneous microenvironments. Subsequently, several 
experimental functions are superimposed. In the course of this work, singlet oxygen kinetics 
were observed on a system consisting of fungi grown on filter papers placed on the surface of 
Agar.  
2.5 Singlet oxygen diffusion 
The concentration of singlet oxygen and its ability to diffuse in the desired microenvironment 
has a major influence singlet oxygen kinetics (47). The diffusion of PS and molecular oxygen 
is essential for adequate singlet oxygen generation. The heterogeneity of the intracellular 
domain in addition to pH-level, viscosity and polarity influence the diffusion of the generated 
singlet oxygen (47; 48). The presence of singlet oxygen quenchers would largely affect its 
decay time and thus its diffusion (49). As mentioned in the previous section, complex systems 
are divided into several homogenous segmentations to simplify the heterogeneity of their 
complexity. The individual homogenous units make Fick’s 2nd law of diffusion applicable to 
observe the concentration of singlet oxygen as a function of time and place in 1-D diffusion: 
 𝜕𝜕[𝛥𝛥](𝑥𝑥, 𝑑𝑑)
𝜕𝜕𝑑𝑑
= 𝐷𝐷 𝜕𝜕^2 [𝛥𝛥](𝑥𝑥, 𝑑𝑑)





Where [Δ] (x,t) is the place and time dependent singlet oxygen concentration, D is the diffusion 
constant, and K Δ is the rate of singlet oxygen deactivation. This represents a Gaussian 
distribution that expands over time with rescaling of the x-axis by a factor of 1\√𝐷𝐷 (50). 
Solving the previous equation gives: 
[𝑂𝑂](𝑥𝑥, 𝑑𝑑) = 1
√2𝜋𝜋𝑑𝑑 𝑒𝑒− 𝑒𝑒�4𝑡𝑡𝑒𝑒− 𝑡𝑡𝜏𝜏∆ (5) 
𝑥𝑥� = x
√𝐷𝐷
In this investigation, it is important to know whether the produced singlet oxygen would reach 
the region of interest, which, in this case, is the infection site within the nail plate. The 
percentage of singlet oxygen reaching a particular region is referred to as the relative impact 
(RI) and can be expressed by the following equation: 




Relative impact reduces by a factor 1\e for length√𝐷𝐷𝜏𝜏∆, which means that the diffusion 
displacement of singlet oxygen before quenching is very low.  
2.7 Applications of photodynamic effect: PDT and PDI 
Singlet oxygen is the toxic agent of any PDT or PDI on the affected cancer cells or 
microorganisms. Each PS molecule has the ability to produce 103 to 105 molecules of singlet 
oxygen before degradation. Type II reactions are favorable in environments under physiological 
conditions. In addition to that, type II photosensitization reactions are favorable over type I in 
the application of PDT and PDI. In the current study, all involved PSs possess type II 
photosensitization. An ideal PS should have some characteristic properties: 
• High triplet quantum yield
• High singlet oxygen quantum yield.
• Exhibit no dark toxicity.
• Should be photo-stable (51; 52).
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According to their chemical structures, PSs can be divided into different groups such as 
porphyrins and corrols (53). The use of the photodynamic effect to remove harmful or 
undesirable cells in humans or animals is referred to as PDT while using it as antimicrobial 
agent it is termed PDI (54; 16). PDT and PDI are indeed very promising treatment modalities 
to overcome failure and difficulties associated with conventional treatments. This section 
provides a brief description of PDT and its use, as well as PDI.  
PDT 
The use of photoactivated dyes to kill  harmful or unwanted cells like cancer cells is called PDT 
(55–57). The treatment protocol used involves PSs aimed at accumulating in the target cells 
and then illuminating them. After light absorption, singlet oxygen is produced, which has a 
toxic effect on the target cells. In recent years, the advantage of PDT over other treatment 
methods has become increasingly clear. Unlike conventional therapies such as chemotherapy 
and radiobiology, today PDT has no serious side effects (58). The toxic effect of PDT is limited 
to cancer cells where a combination of light and PS is present. The absence of light invalidates 
the action of the PS and light alone has no effect on cells, as the wavelength window used in 
PDT is (650-900 nm).  Approved PSs for the treatment of cancer are hematoporphyrin 
derivative HPD (59), Foscan and N-aspartyl chlorin e6. PDT is limited to skin-, superficial-, 
and endoscopically accessible tumors. PDT shows a great potential in the treatment of bladder 
cancer, skin cancer, and lung and gastrointestinal cancer (60; 61). Aminolevulinic acid (ALA) 
as a precursor of protoporphyrin is used in dermatology for the treatment of skin disorders such 
as acne and psoriasis (62; 63). 
PDI 
The spread of antimicrobially resistant pathogens is currently one of the biggest threat to health 
worldwide. New strategies and new alternatives should be developed to tackle this accelerating 
problem (64; 65). Since the 1990s, it has been established that the photodynamic effect works 
not only on cancer cells but also on microorganism. PDI is considered an important approach 
to overcome antimicrobial resistance. PDI is the use of the photodynamic effect to achieve a 
photo-induced death of microorganisms. The ability of microorganisms to develop resistance 
against PDI is nearly non-existent (66–70). The cell wall of microorganisms serves as structural 
support and protection layer and any destruction of it leads to cell death. Cell walls of 
microorganisms mainly consist of chitin and glycan, which give it a negative charge (71). The 
negative charge of the microorganism’s cell wall makes positively charged PSs preferred. 
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Studies show that PDI has a great potential on bacteria and fungi. In the following, the current 
state of the art for each of them is given. 
PDI of bacteria 
Bacteria have a large pathogenicity profile on humans, animals and plants. A wide range of 
antibiotics is available to cure this pathogenicity (72; 73). However, the adaptability of bacteria 
makes them resistant to a wide range of antibiotics. The accelerated development of antibiotics 
resistance is alarming experts looking for alternatives to control the enlarging problem (74–78). 
PDI offers a great potential in bacterial inhibition, making it a promising alternative to 
conventional antibiotics (79). In the last ten years, the research activities on PDI of bacteria 
have been growing significantly. Very promising approaches have been developed. Gram-
positive bacteria as well as gram-negative bacteria have been studied (80–85). It is known that 
gram-negative bacteria are associated with difficulties in treatment due to the structural features 
of their cell wall. Preuß et al. (12) showed inhibition of E. coli by PDI without cellular uptake 
of the PSs. This minimizes the ability of E. coli to develop a resistance against the inhibition 
method. The hypothesis behind it, the action of PDI is from the outside the cell wall of E. coli 
and therefore the possibility of resistance development is very low. Several investigations 
showed the great potential in inhibition of different bacterial species (13). 
PDI of fungi 
Fungi in general and dermatophytes in particular contribute to a variety of skin, hair and nail 
infections. Fungal infections range from simple superficial infections to complicated infections 
(86–91; 1). As the complexity and intensity of the infection increases, the efficiency of 
treatment becomes limited. Tinea corporis, Tinea Pedis (Athlete’s foot) and Tinea virsocolor 
are common fungal skin infections. Onychomycosis is a fungal nail infection (2) and  is the 
focus of the investigations presented in this thesis.  
The challenge of fungal infections treatment is tough. Fungal infections take a long time to cure. 
A variety of antimycotics are currently in clinical use (92). The protracted treatment of fungal 
infections makes it expensive. The recurrence of the infection is common (93). The subversive 
effect of fungi is not limited to human and animals’ infections. Molds, for example, pose a 
threat to the environment. Like other microorganisms, fungi develop resistance to antifungals 
(93- 96). These limitations in the available treatment of fungal infections require the 
development of new treatment methods. The success of PDI of bacteria promotes efforts to test 
the effect of PDI on fungi. The potential of PDI against fungi was neglected until recently. 
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Recent studies show that several PSs are photodynamically active against fungi (15). In this 
study, PDI will be tested on main causative pathogens of onychomycosis. Dermatophytes, nail 
fungal infections and its complications are described in the following section. 
2.8 Dermatophytes 
Dermatophytes are the most common cause of skin, hair and nail infections. These fungi thrive 
in dark environments where heat and moisture prevail (97). In the human body, they grow in 
the skin folds of breast and armpits. They also grow in mucous membranes such as the genital 
area and the mouth. Many of these fungi live in non-living tissues like the epidermis, the outer 
skin layer and nail tissue. Dermatophytes are not able to penetrate viable tissues, particularly in 
hosts with a healthy immune system (98-99). They secret proteolytic enzyme that break down 
keratin. Keratin is the main protein in hair, nail and skin. Through keratin digestion, 
dermatophytes penetrate the keratinized structures and cause infections (100). Classified 
according to their favored host, there are three major groups of dermatophytes (101): 
• Geophilic organisms: reside in soil, occasionally infect human and animals. 
• Zoophilic organisms: are ingested by animals and can infect humans on direct contact. 
• Anthropholic organisms: are ingested by humans and cause numerous infections. 
Dermatophytes include three genera of pathogens: Euascomycetes, Trichophyton and 
Microsporum (102). These pathogens cause a wide range of cutaneous infections. They infect 
the keratinized structure by hyphal adherence to them, followed with rapid germination (a few 
hours). The secretion of proteolytic enzymes speeds up the infection development through 
keratin layers (99). Most mycotic infections are caused by dermatophytes to human beings (99). 
The increasing prevalence of dermatophytosis is a worldwide health problem (103). The term 
tinea in general refers to a fungal infection and infections are differentiated according to their 
infection side. Tinea capitis refers to hair/hair scalp infection, Tinea pedis is athlete’s foot 
infection and Tinea unguim (onychomycosis) is the term for nail infections (102). 
Onychomycosis and its possible treatment modalities will be discussed in more details here. 
2.9 Onychomycosis 
Tinea unguim or onychomycosis is a fungal nail infection. Dermatophytes get under the nail 
fold and start to penetrate into the keratin layers through protease enzymes, causing the 
infection of toe nails which can spread to finger nails and surrounding tissue (104; 5; 105; 90). 
The main pathogens causing onychomycosis are the dermatophytes T. rubrum, T. interdigitale 
and - less frequently - the non-dermatophyte mold S. brevicaulis ( 8; 9; 106; 107). Common 
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signs of infected nail are increased thickness, brittleness, shape distortion and discoloration 
(108). Onychomycosis is considered a serious health problem worldwide. The infection 
accounts for 50% of all nail disorders. Its prevalence has been increasing to reach 8% of the 
population in Europe and North America (109–111). The increasing incidence of the infection 
also increases the concerns for it, even if it is a non-fetal disease. The infection is more common 
in elderly individuals and occurs in males more often than females. Patients with other mycotic 
infections, immunocompromised patients (HIV/AIDS) or diabetic patients are more likely to 
get the infection (112; 5; 7). The life style also can influence the probability of infection. The 
modern life style in developed countries, where people wear tight, closed shoes for long time, 
capturing heat and humidity, is a factor promoting the infection. In addition, public swimming 
pools and fitness studios, where a full hygienic process is not guaranteed, are also contributing 
to an increasing risk of nail fungal infections. Depending on the site of the infection, 
Onychomycosis is clinically divided into different types, as shown in figure 4 (3). 
The most common form of onychomycosis is Distal and lateral subungual onychomycosis 
(DLSO). The sites of fungal invasion are the nail bed and the bottom of the nail. In this type of 
inflammation, the nail is often shows white or yellow discoloration and in some cases even 
brown or black pigments. The dermatophytes T. rubrum, T. mentagrophytes, E. floccosum and 
non-dermatophytes S. brevicaulis are prevalent in DLSO (8). The second type of 
onychomycosis is proximal subungual onychomycosis (PSO). With this type of infection, the 
invasion starts from the proximal end of the nail fold and extends towards nail plate. The nail 
appears with a white or yellow proximal end and a normal distal end. The fungi causing this 
type most often are T. rubrum, Fusarium, C. albicans, and Aspergillus spp. (108). In superficial 
onychomycosis (SO) the pathogens penetrate the superficial layer of the nail plate. The most 
common form is the white superficial onychomycosis, but when T. rubrum is the causative 
pathogen, then the infection rather presents as black superficial. T. mentagrophytes is the 
frequent pathogenic agent for superficial mycosis, along with Fusarium, Acremonium and 
Scytalidium (4). If the entire nail plate is attacked by the pathogens, then it is completely 
dystrophic onychomycosis. T. rubrum is the species most often isolated from such infection. T. 
mentagrophytes, floccosum, Ttonsurans, Microsporum canis, T violaceum, and other 
Microsporum spp may be also found (4). If the causative pathogen is C. albicans, the infection 
is called Candida onychomycosis. Candida onychomycosis is also referred to as secondary 











(A) DLSO (B) PSO (C) SO (D)Candida 
onychomycosis 
Figure 4: Types of onychomycosis (after 11). 
 
2.9.1 Onychomycosis and quality of life 
Nail plates play a protective role in the human body. The infection of the nail unit has negative 
effects on the well-being. Such infections make daily life very hard for activities such as 
wearing shoes, walking and even standing. Elderly patients usually suffer from walking 
difficulties and other disorders and onychomycosis makes life more difficult for them. Not only 
the mechanical side is a problem, but also the appearance of the infected nails. Fungal nail 
infections cause discoloration and thickness of the nail plate. For patients, showing up with 
visibly infected nails is unpleasant and embarrassing in every aspect of social life, where the 
appearance of people is plays an important role. This anxiety and self-consciousness affects the 
social life of patients, especially female ones. Taking social and clinical complications 
associated with the infection into account, a strict therapeutic modality should be found for it 
(113–117). 
 
2.9.2 Onychomycosis treatment 
Oral and topical antifungal agents are the oldest and most popular methods so far. The severity 
and the type of the infection determine the treatment modality. In severe cases, surgery may be 
required, where complete separation of the nail is needed. In this section, the different treatment 
possibilities will be discussed. 
 
Antifungals 
The treatment of onychomycosis with antifungal agents by systemic administration is the most 
popular method. The antimycotic agent diffuses systemically to reach the nail bed and 
subsequently the underside of the nail plate. The low solubility of the drugs and a low 
permeability of the nail plate weaken the efficiency profile of oral antifungals and prolong the 
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treatment. The treatment period might last up to 6 months for finger nails and 12 months for 
toenails (118; 119).  
Several factors must be taken into consideration before prescribing the appropriate antifungal. 
The type of pathogens, the patient’s state of health, severity of the infection, the type of the 
infection, the interaction with other medicaments taken simultaneously, and the age of the 
patient are all to be considered (6). There are two families of systemic antimycotics available, 
namely oral allylamine antifungals and oral azole antifungals. Terbinafine is an allylamine oral 
antifungal and is one of the most frequently used systemic antimycotics (6). From the azole 
family, triazole antifungals including Iitraconazole, fluconazole, voriconazole and 
posaconazole are currently in clinical use (120).  
The antifungal site of action is the ergosterol biosynthesis. Ergosterol maintains the integrity 
and fluidity of the fungal cell membranes and stimulates fungal growth. The destruction of 
ergosterol stops fungal fertility and causes cell death (93; 96). Nevertheless, oral antifungals 
are associated with several clinical concerns. The risk of drug-drug interactions is relatively 
high, therefore becoming more important with old patients, who usually use other medications. 
Patients with cardiovascular diseases or immunosuppressed patients are more likely to have 
serious complications. Liver function must be monitored during and after the treatment. Heart 
failure and hepatotoxicity are rare but serious complications. Other common side effects that 
are associated with azoles are headaches, rash, gastrointestinal disorders and sometimes loss of 
taste (121).  
The use of topical antifungals is preferable to oral administration as there is no chance of drug-
drug interaction (6). Efinaconazole is one of the commercially available antifungals. Topical 
treatment may be effective with superficial onychomycosis where the infection is on the surface 
of the nail plate and does not penetrate to the nail bed or the matrix (119). When the infection 
penetrates the nail bed or nail matrix as is the case in distal subungual onychomycosis, then it 
is better to combine the local treatment with oral treatment to increase the cure rate of the 
infection (11). Local treatment is limited to the range of nail permeability. The condense keratin 
content of the nail makes its diffusion very difficult (119). 
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Biophysical treatment methods 
The development of resistance of dermatophytes and other onychomycosis causing pathogens 
to current treatments, in addition to the numerous side effects of antifungals justify the need to 
find alternative treatment methods. Possible novel treatment modalities are laser treatment and 
PDI. 
Laser treatment of onychomycosis 
Laser treatment is a safe and cost effective treatment method that is used clinically to treat a 
variety of skin lesions and for cosmetic purposes. The potential of lasers to treat toenail fungal 
infection has been investigated in the recent years. Different types of laser have been used, 
including long and short pulse Nd:YAG, Q-switched Nd:YAG, fractional lasers, diode lasers 
and mode-locked lasers. Most laser-treatment-studies have been carried out clinically. In most 
cases, the nails present onychomycosis-free after several applications. Fungi are heat sensitive 
microorganisms and the thermal energy from the absorption of laser light has a lethal effect on 
them. The limitations of laser treatment lie in the fact, that the thermal effect of the laser beam 
is not selective so the laser beam does not only affect the fungal species but any tissue in their 
way (122–128).  
 
Photodynamic inactivation (PDI) of onychomycosis 
As mentioned previously, PDI could become an attractive alternative to antibiotics and 
antifungals. In the case of onychomycosis, research into the development of PDI as a treatment 
method has recently started. The number of studies is increasing from year to year. Most of the 
studies are in vitro, while few of them are ex vivo and in vivo. Most of the tested PSs are cationic 
PSs and show good a phototoxicity on suspension cultures of onychomycosis causative 
pathogens, especially T. rubrum (17; 19; 21-24; 129-131). Ex vivo studies were conducted with 
powders of human nails (132) or with human nail clippers (20). Minor studies were performed 
testing PDI activity clinically on patients, some  of them showing interesting results (132-
134).In this work, the potential of the cationic TMPyP, PCor+ and the anionic eosin Y has been 
tested against T. rubrum, T. interdigitale and the mold S. brevicaulis. The tests were performed 
on suspension and on surfaces as well as ex vivo on human nail clippers. 
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2.10 Nail structure 
The administration of medication throughout the nail has recently received a great deal of 
attention. An adequate amount of the PS should reach be the right place at the right time to 
show its effect. To achieve this, it is necessary to understand the anatomical and physiological 
structure of the nail barrier. 
2.10.1 Nail anatomy 
Human nails are horn-like structures that cover the tip of fingernails and toes. Human nails 
consist mainly of three structures; nail plate, nail bed and nail matrix (see figure 5). These main 
parts are the goal of onychomycosis treatment (135; 136). 
Figure 5: Nail anatomy showing the main parts of human  (137). 
The thickness of healthy human nails ranges from 0.25-0.6 mm for fingernails and up to 1.3 
mm for toenails. The growth rate of fingernails is 3mm per month, while that of toenails is 1 
mm per month. The growth rate varies from person to person. For healthy fingernails, it takes 
6 months for them to grow out completely and one year for toenails. The thickness of the nail 
plate is defined by the thickness of its matrix (138; 136). The nail matrix nourishes and produces 
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the nail plate. The nail plate consists of three layers; dorsal, intermediate and ventral with a 
thickness ratio of 3:5:2. The dorsal layer forms the main nail barrier with dominant sulfhydryl 
groups. The amino acid cysteine is dominant in the intermediate layer which contains the 
disulfide bonds responsible for keratin stability (137). 
 
2.10.2 Physical properties of nails 
Nail plates consist of α-keratin helix, 20% soft α-keratin and 80% hard α-keratin. The alignment 
and orientation of keratin fibers in the intermediate layer is perpendicular to the axis of nail 
growth. In the dorsal and ventral layers, the keratin fibers are oriented randomly and do not 
follow a defined direction. This alignment of keratin in the three layers gives the nail plate its 
stiffness. The other source of nail toughness is the large number of cross-linked di-sulfide 
bonds. In addition to cysteine (half-cystine), several amino acids contribute to the nail plate, 
see table 2 (137; 139). The nail plate is the barrier that faces any treatment modality either oral 
or topical (140; 141).  
 
Table 2: Nails’ content of amino acids (137). 
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2.10.3 Differences between nails and stratum corneum 
Despite both nails and stratum corneum being keratinized and dead tissue, there are remarkable 
differences between both. Nails are much thicker and harder than skin. They contain disulfide 
linkage cysteine and are 100 fold thicker than stratum corneum. The differences between both 
are not only the thickness but also their chemical composition. The Nails’ lipid domain ranges 
from 0.1 to 1% while in the stratum corneum it is around 10%. The water content is 7-10% in 
nails compared to 25% in the stratum corneum (137). These differences indicate the differences 
in permeability of both tissues.  These differences are also the reasons for the low efficacy of 
topical antifungals on nails. The chemical enhancers of skin permeability like dimethyl 
sulfoxide (DMSO) also have no effect on nails. Skin penetration enhancers work through the 
use of lipid pathways. Due to the lack of a lipid domain in nails, skin enhancers have no impact 
on nail permeability. The principle of action of nail penetration chemical enhancers is the 
cleavage of disulfide bonds. This makes the nails very elastic and permeable (142–144). More 
details will be discussed in the following section. 
2.10.4 Nail permeability and possible enhancement methods 
The chemical composition of nails is responsible for the basic rigidity of the nail unit and its 
low permeability. Diseased nails are found to be even less permeable than healthy nails. 
Onychomycosis is always associated with over-thickness as shown in Figure 6. This increment 
in thickness makes the task of topical treatments more difficult. Permeability modifiers are 
required for successful treatment (145; 146). There are a lot of factors that improve nail 
permeability. pH-value and molecular weight of the drug and water hydration may help slightly 




Figure 6:  Over-thickness onychomycosis diseased nail (108). 
 
The penetration enhancement can be achieved physically or chemically. Examples of physical 
enhancement are nail abrasive through using lacquers or electrical drills like dental drills. Laser 
or low frequency ultrasound can be used as well. Chemical enhancement modalities are less 
aggressive. There are some chemical enhancers that act on the nail unit directly and more 
efficiently. Thiol compounds which contain (-SH) groups are considered to be very efficient 
enhancers. N-acetyl-cysteine (NAC), mercaptoethnol, N (2-mercaptopropionly) glycine (MPG) 
are examples of thiol enhancers. The enhancement effect is proportional to the enhancer 
concentration (145). Some enhancers possess a fungistatic effect like pyrithione (2-
mercatopyridine-1-oxide, PTO). Sulfites and bisulfite compounds have the ability to reduce 
disulfide linkages (147). Enhancement of the permeability is important for any treatment 










3. Experimental (Materials, Method)
3.1 Materials  
Fungal strains 
Three kinds of fungal species were isolated from patients in the Department of Dermatology, 
university hospital in Greifswald, Germany. The three fungi are T. rubrum, T. interdigitale as 
models of dermatophytic pathogens of fungal infections and S. brevicaulis (Sb) as model of 
non-dermatophytic mold fungi. Fungi strains were cultivated on Sabouraud dextrose Agar 
(SDA 4%) at 28 ⁰C to get fungal spores for suspension preparation. 
 PSs 
The PSs being used in this investigation are 5,10,15,20-Tetrakis(1-methylpyridinium-4-yl) 
porphyrintetra(p-toluenesulfonate) (TMPyP), Sigma-Aldrich Chemie GmbH (Munich, 
Germany) , 5,10,15-tris-(1-methylpyridinium-2-yl)corrolato-(trans-dihydroxo)phosphorus(V) 
(PCor+) which was synthesized according to (15) and 2',4',5',7'-tetrabromo-3',6'-
dihydroxyspiro[2-benzofuran-3,9'-xanthene]-1-one (Eosin Y), Sigma-Aldrich Chemie GmbH 
(Munich, Germany). 
1. TMPyP
TMPyP is a very famous (Figure 7), commercially available porphyrin based PS. The high 
phototoxic effect of TMPyP on bacteria, its stability and its high quantum yield(~ 72% in water) 
make it a good choice to test for its impact on dermatophytes and mold fungi(7).  




The second PS involved in this investigation is the corrole based PS PCor+ (Figure 8). It was 
first produced in 2013 by Gross and his co-workers. PCor+ also has a good singlet oxygen 
quantum yield of about 81% in water. It offers high phototoxicity against molds, bacteria and 
with less impact against green algae (15). 
 
Figure 8: PCor+ normalized absorbance spectrum and chemical structure. 
 
3. Eosin Y 
Despite its negative charge, eosin Y (Figure 9), the red acid stain, was used due to its 
availability. Its singlet oxygen quantum yield is approximately 72% (148).Eosin Y has a great 
potential against gram-positive bacteria. It is one of the oldest PSs being used clinically (not as 
a PS). Using clinically approved PSs for the treatment of onychomycosis facilitates any future 
application for the treatment of nail fungal infection.  
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Figure 9: Eosin Y normalized absorbance spectrum and chemical structure. 
Illumination 
• White Illumination
In this study, a customized illumination setup containing white light LEDs (Osram,
Munich, Germany) was used. Each setup consists of eight 3500 K LEDs and eight 6500
K LEDs placed alternating in a square arrangement. The LEDs illuminate an opal glass
plate from below, guaranteeing a uniform irradiation of the cell samples in the well
plates at an intensity of 12 mW/cm2 for phototoxicity in suspension cultures and 8
mW/cm2 for phototoxicity on agar surfaces.
• Green illumination
A customized illumination setup containing Green light LEDs (523 nm) (Osram,
Munich, Germany) was used for the illumination in the ex vivo investigation. The Setup
comprises 48 LEDs in a square arrangement. The LEDs illuminate an opal glass plate
from below and ensure a uniform irradiation of the cell samples in the well plates with




Clippers of healthy human nails were collected from a group of volunteers with ages ranging 
from 24 to 65 years. Nails were immersed in 70% ethanol (v/V) for 30min for disinfection 
purposes. Clean nails were stored in plastic tubes until use within one month of collection. 
Singlet oxygen detection 
• Time resolved singlet oxygen luminescence (TRSOL) (in vitro) 
The scans were performed with a customized set-up reported in (149). The set-up 
consists of a cross table moving in x and y directions to allow scan over samples with 
15 cm in both directions. Movable optics in Z-direction are used for optimal overlap of 
excitation and imaging spot. For detection of singlet oxygen luminescence, an imaging 
spot of 300 µm on 2000 µm fiber was used. A modulated LDM-405D (Omikron-
Laserage, Rodgau-Dudenhofen, Germany) diode laser is used as excitation laser. The 
excitation laser is focused in an angle of 40° on the imaging spot. All presented 
measurements were performed with excitation pulses with a temporal width of 240 ns 
and a pulse energy of 0.3 µJ at 405 nm. This wavelength is suitable to excite both 
tetrapyrrol PSs in the respective Soret peak. 
 
A C10083CAH Spectrometer (Hamamatsu, Shizuoka, Japan) was used for spectrally 
resolved visible luminescence measurements with an Integration time of 200ms. For 
time resolved near infrared (NIR) luminescence measurements, TCMPC-1270 Singlet 
Oxygen Luminescence Detection System (SHB Analytics, Berlin, Germany) was used 
with a bandpass filter of 1270+15 nm. A Bandpass filter with a center wavelength of 
1230 nm was used as well to differentiate singlet oxygen luminescence from possible 
PS phosphorescence or disturbance signals of unknown sources. 
The fluorescence and singlet oxygen luminescence scans were performed sequentially. 
An area of 6 x 2 cm including all six sample sections (see Figure 11) was scanned several 
times over a period of up to 24 days. 
 
• Singlet oxygen detection (ex vivo) 
Measurements were taken using the compact table-top 1O2 luminescence detection 
system developed in the Group of photobiophysics, Humboldt Universität zu Berlin. 
Excitation was done using a frequency doubled Nd3+-YAG Laser Vector from 
Coherent, Germany. Samples were excited with 5 mW at 532 nm, 10 ns pulses with a 
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repetition rate of 12 kHz for 100 s when the 1270 nm filter was used (37). Bandpass 
filters with center wavelengths at 1230 nm and 1300 nm were used to separate singlet 
oxygen from PS- phosphorescence or any other disturbance signals. Molecular oxygen 
was blown on the samples during the scan in an alternating on/off regime to see the 
effect of oxygenation in singlet oxygen generation on nail microenvironment.  
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Spore suspension preparation 
The protocol used for suspension preparation is given in (150) , with the small modification of 
using sterile gauze compresses instead of 8µm filter. 10 ml of phosphate-buffered saline (PBS) 
with 10% of tween 80 were added to the surface of 2-3 weeks old culture before gently brushing 
the spores of the surface with a glass rod. The filtrate gained from this step was centrifuged at 
3400 g (10 ⁰C) and the supernatant was discharged and washed again with PBS. For singlet 
oxygen measurements, spore suspensions were prepared in a different way. 3-4 weeks old plate 
cultures with sufficient spore amount were used. In 1ml of PBS, pH 7.2 with 1% of tween spores 
harvested with an inoculation loop were suspended. To get homogenous spore suspensions, the 
mixture was gently shaken. 
Optical density and biomass of the biological samples 
In this study, optical density (OD535) was used to reflect the biomass of the biological samples. 
The concentrations of the spores’ suspensions are expressed as relative concentration in term 
of OD535 and not as absolute cell number. The correlation between the optical density and 
colony forming unit (CFU) is difficult to achieve because of the fungal morphology. The spore 
suspension may include hyphal fragments beside fungal cells so that a precise counting could 
not be observed.  Figure 10 shows the OD535 of S. brevicaulis in different incubation periods 
(0 h, 3 h,7 h, 24 h). S. brevicaulis was chosen as example. For the phototoxicity experiments 
the high concentrations was chosen for fast experiments while the low concentration was 




Figure 10: The optical density OD535 of spore suspension of S. brevicaulis at different incubation periods (0 h, 3 
h, 7 h and 24 h). 
 
3.2.1 Phototoxicity tests 
The investigation of the phototoxic effect of the three PSs was carried out in three stages: first, 
phototoxicity on suspension cultures as preliminary tests, then the investigation on surfaces and 
finally ex vivo phototoxicity tests on human nails. 
 Phototoxicity tests on suspension cultures 
As preliminary step, the phototoxicity test was started on suspension cultures. It was performed 
on 96 well plates. To each well, 50 µl of spore suspension and 50µl of PS were added. The 
biomasses of the spore suspensions were determined at the beginning of the experiment using 
optical density at 535nm. OD535of the spore suspensions of T. rubrum, T. interdigitale and S. 
brevicaulis was 0.7, 0.48 and 0.87, respectively.  As mentioned previously, the phototoxicity 
on spore suspension was started with high concentrations as it consider a fast experiment. In 
addition, the start with high concentration of living cells results in high signal of MTT and the 
ration between dead and living cells will be much higher. MTT assay was used as viability 
evaluation method after phototoxicity tests (see section 3.2.3). 
 Three different concentrations of TMPyP and PCor+ (5 µM, 10 µM and 20 µΜ) were applied. 
For a control group, SD broth was used instead of PSs.  
Before the illumination, samples were incubated for 30 min at 28 ⁰C. Subsequently, the samples 


















selected as different illumination periods. After illumination, all samples were kept in the 
incubator for an additional 24 h. The applied source of illumination is white LEDs with an 
intensity of 12 mW/cm2.  
Phototoxicity tests on cultures on surfaces 
This part was conducted using 6 well plates. Per well, 2 ml of SDA agar was added. On sterilized (1.5 
cm * 1 cm) filter papers, two different amounts per PS (0.5 µmol and 0.1 µmol) were used. 
After drying, each filter paper was placed on each well of the 6 well plates. 10 µl of suspension 
cultures were added to each filter paper. For the control group, no PS was added to the filter 
paper (0 µmol). The concentration of spores in the suspensions of T. rubrum, T. interdigitale 
and S. brevicaulis was determined using optical density at 535 nm amounting to 0.1, 0.087 and 
0.108 at the beginning of the experiments respectively. The phototoxicity on surfaces 
experiments extended for two weeks and for this reason the low concentration was chosen to 
start with. 
Samples were continuously illuminated for 48 h using white LEDs illumination from a 
customized setup (mentioned previously) with a total illumination intensity of 8 mW/cm2. After 
illumination, samples were kept in the incubator at 28 ⁰C for two weeks. 
Phototoxicity tests on human nails as ex vivo model 
To test the potential of the three PSs in cases closer to reality, human nails were used as ex vivo 
model. Nails were termed to get flat rectangular shapes. The clipped nails were incubated in 2 
ml of spore suspension of T. rubrum for two hours on a shaker at room temperature. The nails 
were then removed and kept in 24 well plate with 100 µl of Sodium chloride solution (NaCl 
0.9) in each well. Sealed well plates with infected nails were stored in the incubator at 28 ⁰C to 
be used within one month. 
For the PDI tests, two weeks and four week old infected nails were used. As pretreatment step, 
infected nails were immersed in water for 2 h on a shaker at room temperature for hydration 
purposes. Afterwards, the hydrated infected nails were also immersed in 2 ml of eosin Y 
solution with concentrations between 1 mM and 4 mM for 2 h on a shaker at room temperature. 
Samples were removed from eosin Y solution and placed in 24 well plate for illumination. The 
final concentration of eosin Y taken up by the infected nails could not be determined. Different 
illumination times of 30 min, 60 min and in some cases 48 h of continuous illumination were 
used. Green LEDs (at 523 nm) illumination from a customized setup (mentioned previously) 
with a total illumination intensity of 10 mW/cm2 was used. 
44 
  
Phototoxicity tests on infected socks’ textiles 
Socks textile with 80% cotton and 20% polyester was used for this part. The socks were cut into 
rectangular pieces with dimensions (1.5 cm*2 cm). 10 µl of suspension cultures of T.rubrum were 
added to each piece. 20 µl of two different concentrations of eosin Y (3 mM and 10 mM) were 
added to the infected textiles. For the control group, no PS was added to the filter paper (0 mM). 
Samples were continuously illuminated for 90 min using green LEDs (at 523 nm) illumination 
from a customized setup (mentioned previously) with a total illumination intensity of 10 
mW/cm2. After illumination, samples were kept in the incubator at 28 ⁰C for two weeks. 
3.2.2 Dark toxicity 
In every investigation, equivalent samples were prepared for dark toxicity tests. Samples were 
kept in darkness at room temperature for time intervals corresponding to those of the 
phototoxicity experiments. 
 3.2.3 Viability evaluation 
Depending on the type of phototoxicity tests, suitable viability evaluation was carried out. The 
MTT assay was used to check the viability of the suspension cultures after dark and 
phototoxicity tests (151; 152). 24 h after the end of illumination, 10 µl of MTT (5 mg/ml) was 
added to each well. After addition of MTT, samples were kept in the incubator for 2 h or less 
until the interaction had taken place and purple formazan was formed. Then 200 µl of DMSO 
were added. To keep the optical density within the linear region, samples are diluted 
accordingly. 
To check the efficiency of photodynamic inactivation on surfaces and on nails, samples were 
kept in the incubator at 28 ⁰C for two weeks following the illumination. Samples were 
scrutinized every three days. Photographs were taken after one week and after two weeks. 
Hereby, no fungi growth on agar represents efficient photodynamic effect of the PS on fungi. 
Normal fungi growth on treated samples represents an inefficient phototoxic effect. 
3.2.4 Singlet oxygen luminescence kinetics detection 
Any change in the microenvironment of the PS can affect the generation of singlet oxygen, its 
reactivity and diffusion. Here, singlet oxygen kinetics were observed twice for two different 
experimental setups, on surfaces and on human nails. First, we studied the impact of the 
presence of fungi in the PS’s microenvironment on singlet oxygen kinetics. 2DTRSOL scans 
in the presence of the three fungi species involved in this investigation and the PSs TMPyP and 
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PCor+ were conducted. The samples were kept in the darkness at all time to allow proper 
growth of the fungi to study the kinetics throughout different fungi growth stages.  
The second part was performed to study the behavior of the PS and to gain information about 
the generation of singlet oxygen in the microenvironment of human nails. Here, healthy human 
nails were used instead of infected nails to prevent any possible contamination with spores 
when blowing oxygen. The PS used was eosin Y. 
Sample preparation 
 For singlet oxygen kinetics measurements on surfaces, M9 Agar (153) replaces the mostly used 
SDA (154) as earlier preliminary measurements showed a high singlet oxygen luminescence 
quenching effect of SDA (42) 75 ml of M9 were pipetted in each petri dish. 5 µl of 1 mM stock 
solution of each PS was added to sterile filter papers of 5 mm diameter. After drying, the filter 
paper was placed onto the M9 Agar Petri dishes as shown in Figure 11 and consecutively 5 µl 
of each dilution of spore suspension of T. rubrum and S.brivecaulis were pipetted. PSref: PS 
without spore suspension; C1: 1/1000 + PS, C2: 1/100 + PS, C3: 1/10 + PS, C4: original 
suspension + PS, Fref: original suspension only. While in case of T. interdigitale, 5 µl of the 
1/100 dilution of spore suspension was only used for statistical purposes. 
Figure 11: Sketch of the sample geometry of Petri dish used in the 2DTRSOL kinetics experiments:  PSref: PS 
without spore suspension; C1: 1/1000 + PS; C2: 1/100 + PS; C3: 1/10 + PS; C4: original suspension + PS; Fref: 
spore suspension without PS.  
The configuration of nail samples was different. Since no area scan was carried out and only 
single point scans were conducted, there is no need for a special configuration. Nails’ samples 
were placed on the top of M9 agar petri dish and arranged according to eosin Y concentration 




Figure 12: Sketch of the sample geometry of Petri dish used in the singlet oxygen luminescence kinetics on the 
surface of human nails experiment. 
 
Singlet oxygen luminescence observation 
Data processing 
Fluorescence and singlet oxygen luminescence were conducted consecutively. The scanning 
area was divided into six segmentations according to the filter paper configuration as shown in 
Figure 11 and thus the scanning data. Data processing is shown in Figure 13. For each pixel, 
both fluorescence and singlet oxygen luminescence were observed described below. 
Fluorescence 
For the correction of the observed technical spectra, a subtraction was done of a spectrum 
measured in the dark before each scan. The fluorescence intensity for each pixel was observed 
by integration over the range of the PS fluorescence. With PCor+ from 550 nm to 750 nm and 
for TMPyP from 600 nm to 830 nm.  
Singlet oxygen luminescence 
All time resolved NIR luminescence curves, determined at 1270 nm were fitted by the bi-
exponential model in traduced in (155) but with some modifications. Bi-exponential model 
describes singlet oxygen luminescence in homogeneous systems. As a precise description of 
the kinetics in complex systems is unlikely to succeed. The aim is to describe the kinetics with 
fewest fitting parameters, two mono-exponentially decaying compartments with additional 
compartment for the disturbance signal. A significant fast decaying disturbance signal from 
unknown source was dominant to all measured kinetics at 1270 nm and 1230 nm. With the 
consideration of emission spectrum of singlet oxygen, any luminescence at 1230 nm is either a 
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PS phosphorescence or disturbance signal. In this work, the signal is out to be disturbance signal 
as the kinetics do not follow the PS’s kinetics.  
A stretched  exponential decay as described in (156) is used to describe the disturbance signal. 
Whereby the values of τ, β were set to 0.3 µs, 0.7 respectively with amplitude exception.  An 
independent decaying compartment was used to include the disturbance signal to the fitting 
model with the following distribution 
Figure 13: Illustration of data processing (42). 
The scanned area was divided into six segmentations after obtaining the fluorescence and 
singlet oxygen luminescence kinetics as shown in Figure 11 and Figure 13. The intensity of 
fluorescence per segment as well as its uncertainty were calculated by the average value and 
the standard deviation of all pixels in that segment. For T. interdigitale data, the error-weighted 
( )0.7t 0.3µsf(t ) e−=
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mean value and standard deviation of the fitted values of all pixels of the six segments were 
used.  
Singlet oxygen luminescence amplitude, rise and decay time of each segment were determined 
by error-weighted mean value and standard deviation of the fitted values of all pixel in that 
segment (157). Consequently, the confidence intervals of the fitted values were used to express 
the error of the corresponding value of each pixel.  
 
Singlet oxygen kinetics on the surface of nails’ samples were not analyzed. They are only shown 
to describe the difference of the signal between aerated samples and those under oxygen 
atmosphere. Signals show a combination of PS’ phosphorescence, singlet oxygen 
phosphorescence and short artefacts. Singlet oxygen luminescence is a very week component 
and for that reason it is difficult to analyse. It is difficult to distinguish singlet oxygen lifetime 

















4.1 Time resolved singlet oxygen luminescence detection (2DTRSOL) 
The investigation was started with 2DRSOL detection. It is important to study the behaviour of 
the PS in the presence of fungi, and to gain information about the kinetics of singlet oxygen, its 
generation and diffusion in an environment with fungi growing on agar surfaces. Such 
information would help to know whether our PSs are able to produce singlet oxygen in such 
microenvironment. Another point of interest is, if the amount of the generated singlet oxygen 
would be enough to induce high phototoxicity. In this part, the used PSs are PCor+ and TMPyP. 
2DTRSOL in the presence of T. rubrum 
T. rubrum is the most prevalent onychomycosis causative pathogen. For this reason, the study
was started with T. rubrum. Four different samples with four different spore suspension
concentrations were investigated here. In addition, two references, one the PS without T.
rubrum and the other T. rubrum spores without PS, were included in the study. The sample
configuration is shown in figure 11. The samples were incubated for one hour before the first
scan. The samples were scanned on a daily basis over a time of 24 days. To induce proper fungi
growth, they were kept in the incubator in between scans. Figure 14 and figure 15 show the
normalized fluorescence and singlet oxygen luminescence amplitude of PCor+ and TMPyP in
the presence of fungi. In samples kept in darkness, T. rubrum grew normally during the
investigation time. T. rubrum is known for its slow growth. Spores could be detected only after
8-9 days. The growth of T. rubrum results in the formation of water drops on the inner top cover
of the Petri dish. The water drops formed causes scattering during scans, which is visible at day
9. The Figures show the intensity plots of singlet oxygen luminescence and PS fluorescence
signals over time. As can be seen, the intensities of both fluorescence and singlet oxygen
luminescence decreases over time for TMPyP as well as PCor+. Comparison of figure 14 and
figure 15 also show the difference in diffusion of the PSs. In figure 14, the localization of
TMPyP is on filter paper or close by. In contrast to TMPyP, PCor+ diffuses rapidly away from
the filter paper. The diffusion of PCor+ occurs rapidly and starts immediately, as can be seen




Figure 14: Photograph and normalized intensity plots of TMPyP fluorescence and 1O2 luminescence of the 
TMPyP-T. rubrum sample.  
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Figure 15:  Photographs and normalized intensity plots of PCor+ fluorescence and 1O2 luminescence of the PCor+-
T. rubrum sample.
A correlation between the fungi growth stage and the lifetimes can be extrapolated from the 
comparison between the observed lifetimes on fungi samples and separated reference. From 
figure 16, the amplitude of the luminescence signal decreases with the growth of the fungi. 
At day 0, a pronounced singlet oxygen kinetics signal is visible for TMPyP-T. rubrum sample, 
as shown in figure 16. Afterwards the singlet oxygen luminescence signal is superimposed by 
an interference signal. Figure 16 shows that the singlet oxygen luminescence amplitude 





Figure 16: NIR luminescence kinetics and isolated 1O2 luminescence kinetics part on the surface of the C3 area 
of the TMPyP - T. rubrum sample. The kinetics of 1O2 can be determined up to day 7. 
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The development of the PS’s triplet lifetime and the 1O2 lifetime on the surface of the PCor+- 
T. rubrum samples is shown in figure 17 and the TMPyP- T. rubrum in figure 18. The values
represent the error-weighted mean values with corresponding error-weighted standard deviation
of the fitted lifetimes of each area.
The rise and decay time of singlet oxygen and triplet lifetime of the PSs cannot be evaluated 
directly from the kinetics so an independent method for triplet lifetime determination, like flash-
photolysis is required. Since laser flash photolysis methodology is inapplicable to the samples 
investigated in this work, due to their opalescence, indirect methods should be used. As there 
are two PSs in two similar microenvironments, the lifetimes of both PSs and the singlet oxygen 
lifetimes can be determined by comparison. From figure 17 and figure 18, we can find that the 
shorter lifetime is the singlet oxygen lifetime as it is nearly equal for TMPyP and PCor+. The 
lifetime of singlet oxygen is equal to 1.5 to 2.5 µs. The lifetime varying greatly from TMPyP 
to PCor+ samples is the triplet lifetime. The triplet lifetime of TMPyP decreases slightly over 
seven days in the presence of fungi. In contrast, the triplet lifetime of the TMPyP reference in 
a separate Petri dish (sep. PSref), hence without fungi, increases from the initial value at day 
zero to a constant triplet lifetime of about 24 µs on days 1-7. The triplet lifetime of PCor+ shows 





Figure 17: Development of the PS’s triplet lifetime and the 1O2 lifetime measured on the surface of the the TMPyP 
-T. rubrum sample. The value of each day represents the error weighted mean value of all pixels of each sample 
area. The error values are the corresponding error weighted standard deviations. “Sep. PSref” represents the PS 
reference on a separate Petri dish. 
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Figure 18: Development of the PS’s triplet lifetime (left) and the 1O2 lifetime measured on the surface of the 
PCor+- T. rubrum sample. The value of each day represents the error weighted mean value of all pixels of each 
sample area. The error values are the corresponding error weighted standard deviations.  
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2DTRSOL in the presence of S. brevicaulis 
To continue this study, 2DTRSOL has been investigated in the presence of S. brevicaulis. The 
conditions and sample configurations of the experiment were the same as in the T. rubrum test.  
Figure 19 and figure 20 show photographs and normalized intensity plots of the PS fluorescence 
and the 1O2 luminescence amplitudes of the S. brevicaulis samples with TMPyP (Figure 19) 
and PCor+ (Figure 20).  
The growth of the mold S. brevicaulis is fast, compared to that of the dermatophyte T. rubrum 
as can be seen in the photographs. S. brevicaulis started to form spores on the third day after 
incubation. After two weeks, the spores almost covered the entire surface, even near samples 
with low spore suspension concentration. As with other microorganisms, moisture is the result 
of their by-products during metabolism. This moisture turned to water drops covering the upper 
surface of the petri dish. Since the detection is performed through the upper surface of the petri 
dish, water drops cause scattering in luminescence signal. This effect is clearly visible at day 
13 for the TMPyP- S. brevicaulis sample (Figure 19) and at day 12 for the PCor+- S. brevicaulis 
sample (Figure 20). 
The species of the fungus investigated had no influence on the behaviour of the PS. The 
intensity plots show that PS fluorescence and singlet oxygen luminescence intensities decrease 
over time. A good signal of both can be acquired for up to one week. After four weeks, the 
luminescence signal was barely detectable.  
The diffusion behaviour of the PSs seen on S. brevicaulis samples equals that on T. rubrum 
samples.  
The figures also show a correlation between the growth stage of S. brevicaulis and the intensity 
of signals. In the first days, between day 0 and day 3, both fluorescence and singlet oxygen 
luminescence signal have a high intensity. After two weeks, only a weak signal was detected. 
Interestingly, after sporulation of S. brevicaulis, the observed intensity after four weeks was 
higher. However, it has to be pointed out, that both the PS fluorescence and the singlet oxygen 
luminescence are very weak after about seven days. The development of the 1O2 luminescence 
kinetics over the period of days in this experiment will be discussed in detail in the following. 
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Figure 19: Photograph and normalized intensity plots of TMPyP fluorescence and 1O2 luminescence of the 




Figure 20: Photograph and normalized intensity plots of PCor+ fluorescence and 1O2 luminescence of the PCor+-
S. brevicaulis sample. 
 
The NIR luminescence kinetics related to the 1O2 luminescence intensity plots in figure 19 and 
figure 20 are shown in figure 21. The curves represent the NIR luminescence kinetics of the 
pixels of highest amplitude on the surface of C1 area of the TMPyP- S. brevicaulis sample and 
C4 area of the PCor+-S. brevicaulis sample. 
In figure 21a, the singlet luminescence kinetics of the TMPyP sample is shown. On day 0, one 
hour after preparation, a clear singlet oxygen luminescence kinetics can be seen. On the third 
day, a disturbance signal overlays the luminescence signal. On day 13 and 24, hardly any 
luminescence kinetics could be observed. Figure 21b shows the singlet oxygen luminescence 
kinetics of the PCor+ sample. At day 0, a distinct singlet oxygen luminescence kinetics is 
observed. From day 3 on, a disturbance signal dominates the NIR kinetics 
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Figure 21: NIR luminescence kinetics corresponding to the 1O2 intensity plot of  figure 19and figure 20. The NIR 
luminescence kinetics on the surface of the C1 area of the TMPyP-S. brevicaulis sample and the C4 area of the 





The development of the PS’s triplet lifetime and the 1O2 lifetime on the surface of the TMPyP- 
S. brevicaulis and the PCor+- S. brevicaulis sample are shown in figure 22 and figure 23. The 
values represent the error-weighted mean values with corresponding error weighted-standard 
deviation of the fitted lifetimes of each area.  
A comparison between TMPyP and PCor+ samples is the principle of choice for assigning the 
1O2 lifetime and the PS’s triplet lifetime. Since both PSs are subject to almost identical 
microenvironments, the comparison method is valid here. As seen in figure 22 and figure 23, 
the shorter of the two lifetimes is almost the same for both photosensitizes, while the longer 
lifetime shows a significant difference. For this reason, the shorter lifetime was assigned to the 

















Figure 22: Development of the PS’s triplet lifetime and the 1O2 lifetime measured on the surface of the TMPyP- 
T. rubrum sample. The value of each day represents the error weighted mean value of all pixels of each sample 
area. The error values are the corresponding error weighted standard deviations.  
















































Figure 23: Development of the PS’s triplet lifetime and the 1O2 lifetime measured on the surface of the PCor+- T. 
rubrum sample. The value of each day represents the error weighted mean value of all pixels of each sample area. 
The error values are the corresponding error weighted standard deviations.  













































2DTRSOL in the presence of T. interdigitale 
Since the significance of the development of the kinetics has to be validated by statistics over 
several samples, 2DTRSOL in the presence of T. interdigitale was performed over 6 samples. 
For T. interdigitale samples, the same concentration of spore suspension was used for six filter 
papers placed on the surface of agar. The references were prepared on separate petri dishes. 
Figure 24 and figure 25 show the photographs of T. interdigitale samples and the corresponding 
intensity plots of fluorescence and singlet oxygen luminescence. For PCor+, the intensity plots 
show that it diffuses rapidly away from filter papers to the surrounding agar. On day 0, only 
one hour after preparation, PCor+ started to diffuse. After seven days of luminescence it became 
barely detectable. TMPyP in contrast shows a high localization with nearly no diffusion. A 
good luminescence signal could be shown for up to one week. 
Figure 24: Photograph and normalized intensity plots of TMPyP fluorescence and 1O2 luminescence of the 




Figure 25: Photograph and normalized intensity plots of PCor+ fluorescence and 1O2 luminescence of the PCor+-
T. interdigitale sample. 
 
Figure 26 and figure 27 show the photographs and the corresponding intensity plots of the 
fluorescence and luminesce of the reference samples in separate petri dishes. Without the 
involvement of fungi, nearly the same behaviour of both PSs was observed, albeit 
demonstrating a higher stability.  
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Figure 26: Photograph and normalized intensity plots of TMPyP fluorescence and 1O2 luminescence of the TMPyP 
reference sample. 





Figure 28 and figure 29 show the NIR luminescence kinetics corresponding to the 1O2 
luminescence intensity plots in figure 24 and figure 25. The development of the kinetics is 
validated by statistics over six samples. The curves represent the NIR luminescence kinetics of 
the pixels of highest amplitude on the surface of the respective area. The days were selected 
according to the days of the intensity plots in figure 24 and figure 25. On day 0, singlet oxygen 
kinetics is evident. After 7 days, hardly any kinetics could be determined and a disturbance 
signal dominates the measured luminescence. 
 
Figure 28: NIR luminescence kinetics corresponding to the 1O2 intensity plot of Figure 28 and Figure 29 . The 
NIR luminescence kinetics of the TMPyP-T. interdigitale sample was chosen exemplary. The kinetics of the pixels 
of highest amplitude are shown. 
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Figure 29: NIR luminescence kinetics corresponding to the 1O2 intensity plot of Figure 28 and Figure 29 . The 
NIR luminescence kinetics of the PCor+-T. interdigitale sample was chosen exemplary. The kinetics of the pixels 




Figure 30 and figure 31 show the fitted singlet oxygen luminescence over the range of the 
experiment for both PSs in the presence of T. interdigitale. It can be seen, that the amplitude of 
the luminescence signal decreases dramatically over a period of 4 to 6 days. The reduction of 
the luminescence signal may be related to the growth of the fungi. 
 
Figure 30: Isolated 1O2 luminescence kinetics on the surface of samples TMPyP - T. interdigitale sample. 
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Figure 31: Isolated 1O2 luminescence kinetics on the surface of PCor+ - T. interdigitale sample. 
Figure 32 and figure 33 show the singlet oxygen luminescence kinetics of the separate reference 
PS samples (without fungi) over the time period of the experiment. Figure 32 shows the 
reduction of luminescence amplitude of the TMPyP reference. The reduction of the 
luminescence signal here is not as fast as in the presence of fungi as shown in figure 30 and 
figure 31. As no fungi are present in the sample, the reduction of the signal might be attributed 
to bleaching of TMPyP over several days of illumination. Figure 33 shows the reduction of 
luminescence amplitude of the PCor+ reference. A very rapid reduction is shown over 6 days. 




Figure 32: isolated 1O2 luminescence kinetics on the surface of PCor+ - reference samples. 
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Figure 33: isolated 1O2 luminescence kinetics on the surface of TMPyP - T. reference samples. 
Using the same assumption as in the previous part, the rise and decay time was determined. 
Figure 34 and figure 35 show the triplet lifetime of both PSs and singlet oxygen lifetime as 
determined from both samples. The shorter lifetime is almost the same in both TMPyP and 
PCor+ samples and thus, the shorter lifetime is singlet oxygen lifetime. The determined value 
of the singlet oxygen lifetime was about 2 µs. The longer lifetime with significant difference 
between the two PSs is the triplet lifetime. The triplet life time of TMPyP decreases over time 
in the presence of T. interdigitale, while the triplet lifetime of PCor+ increases over time in the 
first 10 days. The TMPyP triplet lifetime has an initial value of 17 µs and dropped to less than 
10 µs in the first week. The PCor+ triplet lifetime increased from 6 µs up to 7.6 µs during the 





Figure 34: Development of the PS’s triplet lifetime and the 1O2 lifetime measured on the surface of the TMPyP- 
T. interdigtale sample. The value of each day represents the error weighted mean value of all pixels of each sample 
area. The error values are the corresponding error weighted standard deviations.  
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Figure 35: Development of the PS’s triplet lifetime and the 1O2 lifetime measured on the surface of the PCor+- T. 
interdigitale sample. The value of each day represents the error weighted mean value of all pixels of each sample 
area. The error values are the corresponding error weighted standard deviations.  
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Figure 36 and figure 37 shows the singlet oxygen lifetime and triplet lifetime of both PSs in the 
separate reference. The value of the singlet oxygen lifetime is around 2 µs. The triplet lifetime 
of TMPyP and PCor+ follows the same pattern as in the presence of fungi (see figure 34 and 
figure 35). The triplet lifetime of TMPyP decreases over time while the lifetime of PCor+ 
increases slightly. The triplet lifetime of TMPyP decreases from 17 µs to nearly 8 µs over a 
time of two weeks. The initial value of the triplet lifetime of PCor+ was about 6 µs, increased 


















Figure 36: Development of the PS’s triplet lifetime and the 1O2 lifetime measured on the surface of the TMPyP- 
reference sample. The value of each day represents the error weighted mean value of all pixels of each sample 





Figure 37: Development of the PS’s triplet lifetime (left) and the 1O2 lifetime measured on the PCor+- reference 
sample. The value of each day represents the error weighted mean value of all pixels of each sample area. The 




2DTRSOL scans were performed of the PSs, TMPyP and PCor+ with the involvement of 
dermatophytes and mold fungus. The analysis of the kinetics helps to understand the behaviour 
of the PS in the presence of fungi. It helps to gain information about the stability of the PS and 
its diffusion, the generation of singlet oxygen and its reactivity. Those measurements help to 
determine any impact of the fungi on the behaviour of the PSs. 
The intensity plots of PS fluorescence and singlet oxygen luminescence show the diffusion of 
the PSs. TMPyP is strongly localized while PCor+ tends to diffuse very fast to the surrounding 
agar. A correlation between the fungal growth stage and fluorescence and luminescence 
intensities was observed. The local humidity inside petri dishes due to fungi growth might be 
the reason for the change in signal intensities. A clear singlet oxygen kinetics was observed for 
up to seven days. This demonstrates the stability of the used PSs. A disturbance signal from 
unknown source was observed in all measurements. The disturbance signal was also shown 
with PS in a separate reference, which means that we cannot attribute the disturbance of the 
signal to the presence of the fungi. It might be an interaction of the PS with agar, that is the 
reason for this signal.  
The results obtained with T. interdigitale, where the kinetics were validated by statistics over 
several samples, showed no difference from the results obtained in the first experiments. In fact, 
no great difference was observed by changing the type of fungi. All three fungi show similar 
behaviour under PDI treatment. 
2DTRSOL detection is very important for the development of the conditions for PDI of 
onychomycosis. Scans show stability of the used PSs and good singlet oxygen generation, 
which means that the PSs might have a high phototoxic effect on the three fungi species. In 
vitro phototoxicity tests of the PSs on the three fungi species are the next step of this project. 
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4.2 In vitro phototoxicity tests on suspension cultures 
In order to test the phototoxic effect of the PSs investigated in this work, the investigation were 
started on suspension cultures. 
4.2.1 The phototoxic effect of TMPyP PDI of T. rubrum suspension cultures 
The potential of TMPyP as PS was tested on the suspension cultures of the dermatophytes T. 
rubrum and T. interdigitale and the molds S. brevicaulis. Three different concentrations of 
TMPyP with three different illumination times were used. The concentrations are 5 µM, 10 µM 
and 20 µM and the illumination times are 30 min, 60 min and 90 min.  
Figure 38 shows the phototoxic effect of TMPyP on A) T. rubrum B) T. interdigitale C) S. 
brevicaulis. In figure 38a, 20 µM of TMPyP reduces the viability to 50% in 30 min of 
illumination, while additional 60 min of illumination reduce the viability to 15%. TMPyP shows 
a higher phototoxic effect on T. interdigitale and S. brevicaulis (Figure 38 b and c). Among 30 
min illumination, the viability of both fungi is reduced to 25% in case of 20 µM and additional 
30 min led to complete eradication of the suspension cultures. No dark toxicity was detected 
for TMPyP on the three fungi species.  
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Figure 38a: The viability of the suspension cultures of T. rubrum after 24 h of phototoxicity test with TMPyP. 
Error pars represent the standard deviation of 8 samples (n=8). For dark control, samples kept in darkness at room 
temperature. 0 µM represents reference samples. 
A
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Figure 38b: The viability of the suspension cultures of T. interdigitale after 24 h of phototoxicity test with TMPyP. 
Error pars represent the standard deviation of 8 samples (n=8). For dark control, samples kept in darkness at room 
temperature. 0 µM represents reference samples. 
B
81 
Figure 38c: The viability of the suspension cultures of S. breivecaulis after 24 h of phototoxicity test with TMPyP. 
Error pars represent the standard deviation of 8 samples (n=8). For dark control, samples kept in darkness at room 
temperature. 0 µM represents reference samples. 
C
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4.2.2 The phototoxic effect of PCor+ 
Besides TMPyP, PCor+ phototoxic effect was tested as well against the three fungi species on 
spore suspension cultures. 
As with TMPyP, three concentrations with three different illumination times were tested against 
spore suspensions of the three fungi species. Figure 39 shows the phototoxic effect of PCor+ 
on the spore suspensions of T. rubrum, T. interdigitale and S.breivecaulis. Figure 39a, shows 
the phototoxic effect on T. rubrum. As is shown, the high phototoxicity of PCor+ was achieved 
with an illumination of more than 30 min. After 60 min illumination, the survival rate was 
nearly 10% in case of 5 µΜ PCor+ and nearly no survival was detectable using higher 
concentrations. After 90 min illumination, a complete eradication of the spore suspension was 
achieved even with the smallest concentration of 5 µΜ. With T. interdigitale and S. brevicaulis 
(Figure 39 b and c), the phototoxic effect of PCor+ appears in 30 min illumination. The 
proportion of surviving T. interdigitale spores was up to 50% with 10 µΜ and 20 µΜ while no 
survival was detected at all PCor+ concentrations an additional 30 min of illumination. Nearly 
the same results were shown with S.brivecaulis but the phototoxic effect of PCor+ was higher 
after 30 min illumination, the viability was reduced to 20% at 5 µΜ concentration and 10% 
with 10 µΜ and 20 µΜ. No viable spores were detected at all concentrations with additional 30 
min illumination. PCor+ shows no dark toxicity at all concentrations.  
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Figure 39a: The viablility of the suspension cultures of T. rubrum after 24 h of phototoxicity test with PCor+. 
Error pars represent the standard deviation of 8 samples (n=8). For dark control, samples kept in darkness at room 
temperature. 0 µM represents reference samples. 
A
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Figure 39b: The viablility of the suspension cultures of T. interdigitale after 24 h of phototoxicity test with PCor+. 
Error pars represent the standard deviation of 8 samples (n=8). For dark control, samples kept in darkness at room 
temperature. 0 µM represents reference samples. 
B
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Figure 39c: The viablility of the suspension cultures of S. breivecaulis after 24 h of phototoxicity test with PCor+. 
Error pars represent the standard deviation of 8 samples (n=8). For dark control, samples kept in darkness at room 
temperature. 0 µM represents reference samples. 
C 
86 
4.3 In vitro phototoxicity tests on cultures on surfaces 
To imitate the living conditions of the microorganisms, the potential of the PSs to inactivate the 
growth of fungal spores on surfaces was investigated. The acquired results for PDI of 
suspension cultures encourage efforts to continue the PDI investigation on surfaces. 
4.3.1 The phototoxic effect of PCor+ 
As already shown, the application of PCor+ mediated PDI leads to a complete eradication of 
spore suspension of the three fungi species. Figure 40 summarizes the results of PDI treatment 
using PCor+ as PS on T. rubrum (Figure 40a), T. interdigitale (Figure 40b) and S. brevicaulis 
(Figure 40c). The phototoxic effect of PCor+ resulted in full inhibition of the fungi spores. Up 
to two weeks after incubation at 28 ⁰C, no regrowth was observed. PCor+ has no dark toxicity. 
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Figure 40a: Photographs illustrating phototdynamic activity of PCor+ on cultures of T. rubrum on surface. For 
dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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Figure 40b: Photographs illustrating phototdynamic activity of PCor+ on cultures of T. interdigitale on surface. 
For dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
89 
Figure 40c: Photographs illustrating phototdynamic activity of PCor+ on cultures of S. brevicaulis on surface. For 
dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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4.3.2 TMPyP phototoxic effect 
Under the same conditions, phototoxicity tests with TMPyP were carried out on the three fungi 
species. As can be seen in figure 41 (a, b and c), an evident growth of the three fungi spores in 
the untreated control was detected. TMPyP leads to complete fungi growth eradication in the 
illuminated sample. To check the efficiency of TMPyP as PS, the samples were kept in the 
incubator at 28 ⁰C for two weeks after treatment. Growth continued only on the untreated 
control and dark control, where no recovery was observed for the illuminated samples. Due to 
the localization tendency of TMPyP that was shown in the previous section, halos formed 
around the filter paper.  
Figure 41a: Photographs illustrating phototdynamic activity of TMPyP on cultures of T. rubrum on surface. For 
dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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Figure 41b: Photographs illustrating phototdynamic activity of TMPyP on cultures of T. interdigitale on surface. 
For dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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Figure 41c: Photographs illustrating phototdynamic activity of TMPyP on cultures of S. brevicaulis on surface. 
For dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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4.3.3 The phototoxic effect of eosin Y 
Eosin Y is one of the very old photosensitizer that is used clinically. Due to its age it’s clinically 
widely used for further applications e.g. in dentistry as a fluorescent marker. And since the 
project is related to a clinical issue, it was important to test its potential as PS in PDI of T. 
rubrum, T. interdigitale and S. brevicaulis. The phototoxicity of eosin Y was not tested on 
suspension cultures because of the interference between the absorbance spectrum of it and the 
spectrum of formazan. Formazan is the result of MTT reduction which was used to evaluate the 
viability of spore suspension samples after treatment (152). For that reason, the phototoxicity 
of eosin Y was tested only on agar surfaces. Efficient phototoxic effect of eosin Y was clearly 
observed for all three fungi species. Eosin Y prevents the growth of fungi spores in the treated 
samples. After an incubation period of two weeks, no recovery of the spores was observed. 
Untreated samples and the dark control show normal fungal growth (see figure 42 (a, b and c)). 
Despite the rapid photobleaching of eosin Y, a high phototoxicity was achieved. 
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Figure 42a: Photographs illustrating phototdynamic activity of eosin Y on cultures of T. rubrum on surface. For 
dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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Figure 42b: Photographs illustrating phototdynamic activity of eosin Y on cultures of T. interdigitale on surface. 
For dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
96 
Figure 42c: Photographs illustrating phototdynamic activity of eosin Y on cultures of S. brevicaulis on surface. 
For dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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Discussion 
2DTRSOL scans show a good singlet oxygen signal for up to one week of both TMPyP and 
PCor+ in the presence of the three fungi. The stability of the PSs and their singlet oxygen 
quantum yield shown by the scans indicate, that TMPyP and PCor+ would exhibit high 
phototoxicity on the involved fungi species. Based on this, phototoxicity tests of the PSs were 
conducted as second step of this investigation.  
The potential of TMPyP and PCor+ was tested in both suspension and surfaces. Both PSs were 
able to photodynamically induce the death of the dermatophytes T. rubrum and T. interdigitals 
and the mold S. brevicaulis. The phototoxic effect of the PSs was achieved within short time 
using low concentrations of the PS.  
Since the involved pathogens naturally rather grow on surfaces and not in suspension, it was 
important to test the effect of the PSs under conditions corresponding to natural growth 
conditions. Phototoxicity tests were carried out using filter papers applied to the surface of the 
SDA agar. Both PSs lead to the complete kill of the three fungi. Beside TMPyP and PCor+, the 
phototoxic effect of eosin Y was also tested on surfaces. Eosin Y is one of the oldest PSs and 
is currently in clinical use for medical purposes other than PDI. The use of a clinically approved 
PS in such medical-related project is very important as it facilitates any future application of 
eosin Y for the treatment of toe nail fungal infection. Eosin Y shows a very high phototoxic 
effect. No regrowth of any of the fungi was detected after two weeks of incubation after 
illumination. No dark toxicity of any of the PSs was observed.  
Positively charged PSs are considered to be more efficiently in inhibiting microorganism, but 
in this study, eosin Y, despite its negative charge, shows a very high phototoxic effect.  
According to aforementioned results, PDI may be a promising treatment modality of 
onychomycosis. The investigation was conducted to develop a treatment method aimed at 
avoiding the often-disappointing efficacy of the therapy of onychomycosis. Spores are the 
targeted part in this investigation. Killing the spores would end the life cycle of these pathogens 
and thus prevent the recurrences of the infection. The three PSs show high phototoxicity on the 
three fungi involved here. The most important fungi species is T. rubrum. It is considered as 
the main causative pathogen of onychomycosis and its resistance to a wide range of antifungals 
is the challenge. Killing T. rubrum by means of PDI is very important. For those PSs, being 
water soluble is advantageous. In the treatment of onychomycosis, aqueous treatments are 
preferred over alcohol-based treatment. Water is a natural hydration factor of the nails, which 
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helps to increase the permeability of the nails. Low permeability of the nails is one of the 
reasons that cause the failure of topical treatments.  
The results of in vitro phototoxicity results meet the expectations of singlet oxygen 
luminescence scans. The great potential of the three PSs in in vitro encourages the efforts to 
continue the study and test the phototoxic effect of the PSs on an infected ex vivo model. The 
question is now, whether the PSs would have the same potential on an ex vivo model as in in-
vitro tests. 
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4.4 Ex vivo phototoxicity tests on human nails 
To continue the investigation and due to the great potential of the PSs on the three fungi species, 
ex vivo phototoxicity tests were carried out. 
As shown in section 4.2.3, eosin Y has a high potential on the three kinds of fungi on agar 
surfaces. Moreover, eosin Y is clinically approved material, which would facilitate its future 
clinical application for the PDI treatment of Onychomycosis. For this reason, eosin Y was 
chosen for ex vivo tests. 
As preliminary ex vivo tests, horse hooves were used as nail model. Figure 43 shows the first 
ex vivo phototoxicity tests. Horse hooves were infected with T. rubrum. The infected hooves 
were stored for four weeks before use. Two different concentrations (1 mM, and 2 mM) of eosin 
Y were used. For the two concentrations of eosin Y, no phototoxicity effect was detected. After 
two weeks of incubation after illumination, T. rubrum spores grow again in the same manner 
as reference where no PS was applied. 
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Figure 43: PDI of eosin Y on T. rubrum on infected hooves. For dark control, samples kept in darkness at room 
temperature. 0 mM represents reference samples. 
As a follow-up to the experiments in this part, horse hooves were replaced by human nails. 
Here, a longer illumination was applied to see whether this would induce higher phototoxicity. 
Figure 44 shows the result of the phototoxicity tests of eosin Y on human nails under 48hr 
continuous illumination. The concentrations of eosin Y used here are 2 mM and 4 mM No 
phototoxic effect of eosin Y was observed even with longer illumination and higher 
concentration.  
Figure 44: PDI of eosin Y on human nails infected by T. rubrum. For dark control, samples kept in darkness at 
room temperature. 0 mM represents reference samples. 
To improve the illumination conditions, the white light illumination set-up used up to this point 
was replaced by a green light one. 20 green LEDs with a wavelength of 525 nm were used, 
which is suitable for the absorption spectrum of eosin Y with a total power 10 mW/cm 2. Figure 
45 shows the results of the eosin Y phototoxicity test on infected human nails. No phototoxic 
effect was observed when using the green illumination and the pathogens grew naturally on the 
treated samples. 
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Figure 45: PDI by eosin Y of human nails infected by T. rubrum. For dark control, samples kept in darkness at 
room temperature. 0 µM represents reference samples. 
After several trials and still negative results, the ex vivo investigation was stopped here. To 
figure out why there is no phototoxic effect of eosin Y on infected nails despite its great 
potential in in vitro investigations, singlet oxygen measurements were carried out on the surface 
of human nails. 
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4.5 Singlet oxygen luminescence scans on the surface of human nail 
Ex vivo phototoxicity tests on human nails show no impact of eosin Y on infected human nails. 
To know the story behind the negative results, singlet oxygen detection measurements were 
conducted. Healthy nails were used to avoid any hazards associated with diseased nails. The 
analysis of singlet oxygen kinetics would provide information about the amount of singlet 
oxygen produced and its decay and diffusion.  
During this part of the investigation, several factors had to be taken into account: the 
permeability of the nail plate and the concentration of oxygen in the internal microenvironment 
of the human nails. The lack of the permeability of the nail plate might be one of the reasons 
why no phototoxic effect was acquired. The low permeability of the nail plate is not the only 
problem in the treatment development, the oxygen concentration in the diseased nail and the 
chemical composition of the nail plate also have a significant impact. 
All of the above mentioned factors have been considered in the luminescence detection of 
singlet oxygen. NAC was used as enhancer to overcome the permeability problem. During the 
experiment, molecular oxygen was blown on the surface of the nail samples.  
Figure 46 shows normalized NIR signal integrated over time at 1270 nm, the figure shows a 
mixture of singlet oxygen counts and PS’s phosphorescence counts. In both plots, the number 
of the total counts increases in an oxygenated atmosphere. The difference between the numbers 
of counts between aerated and oxygenated samples indicates that the generation of singlet 
oxygen is enhanced with additional oxygen. The Plots also show that there is a minor increment 
in the total counts when applying a permeability enhancer to the nails. 
As we can see, the addition of NAC as an enhancer did not help so much. By comparing the 
upper and lower rows of figure 46, it can be seen, that in both cases there is no big difference 
(with and without enhancer) but the difference in the total counts with oxygenated atmosphere 
tells that there could be singlet oxygen and its generation is enhanced by adding additional 
molecular oxygen. 
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Figure 46: Normalized time integrated NIR signal at 1270nm without enhancer and with enhancer. Two 
concentrations of eosin Y were used 300 µM and 3 mM . On (Peak) and OFF (Valley) oxygen blowing regime 
was followed on the surfaces of the samples. 
Figure 47 presents singlet oxygen kinetics of eosin Y in the nail microenvironment. No clear 
kinetics could be detected. The kinetics displayed is difficult to analyse. The kinetics shown 
here serve to find out, if any differences could be seen in the presence of additional oxygen. In 
figure 47, the kinetics correspond to two different concentrations of eosin Y, 300 µM and 3 
mM. For each concentration, samples with and without enhancer were examined. The enhancer 
is NAC (3% vol. aqueous solution). No big difference was observed between different 
concentrations independent of presence of the chemical enhancer. The only difference is 
observed in the comparison of aerated and oxygenated atmospheres. The difference with 
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additional molecular oxygen indicates that there is a weak singlet oxygen generation, which 
can be enhanced by oxygenation. 
300 µM Eosin Y 3mM Eosin Y 
   
   
   
   
   
   
   
   
Figure 47: Singlet oxygen kinetics on the surface of healthy human nails without enhancer (upper row) and with 
enhancer (lower raw). Two concentrations of eosin Y were used 300 µM (left) and 3 mM (right). Altering On and 





















Following the plan of this work and according to the successful results in the in vitro 
experiments, ex vivo phototoxicity tests were conducted using horse hooves and human nails. 
For ex vivo studies, eosin Y was chosen to study its impact.  
Horse hooves have a similar chemical composition as human nails. For that reason, they were 
chosen as ex vivo model. The first hand experiment was conducted with horse hooves. The 
outcome of the experiment was contrary to expectations. T. rubrum grew normally on nails and 
no phototoxicity was observed. Hooves were chosen as they considered easy simple model of 
human nails. The negative results of phototoxicity tests on hooves was the reason to switch the 
original model, hence, human nails. 
A second trial with human nails was conducted. The availability of human nails and the ease of 
collection and preparation of them were the reasons to use them as ex vivo model. No phototoxic 
effect of eosin Y was found on infected human nails as well. Several attempts were carried out 
and in each one, a different factor was modified: longer illumination time, higher illumination 
power, and higher concentration of eosin Y still, no difference was observed in the results.  
To figure out the reason behind such results, singlet oxygen luminescence kinetics were 
measured on human nails. During the scans, additional molecular oxygen was blown on the 
surface of the nail samples.  
The scans show a very low singlet oxygen signal, which was enhanced by additional oxygen. 
The nail barrier lowers the permeability of the PSs through nail plate. To overcome this 
problem, NAC was used as chemical permeation enhancer. Scans showed a slight difference in 
signal between nails with and without enhancer.  
NAC was chosen as the chemical enhancer as it has a high effect as an enhancer.  It is the most 
popular enhancer used for the application of topical antifungals. Cysteine, the main component 
of the enhancer is a chemical singlet oxygen quencher. Soaking nails in water after adding 
enhancer for two hours and washing them does not seem to be enough to get rid of all of the 
cysteine. Based on this, it would be better to use an enhancer with less singlet oxygen quenching 
effect. 
The low singlet oxygen luminescence signal on the surface of nails can be related to the 
chemical composition of the nail plate. About eight amino acids that are considered chemical 
singlet oxygen quenchers contribute to the chemical structure of the nail plate. The most 
dominant amino acids are cysteine, serine, lucine and glutamic acid. It is known that the 
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chemical quenching is an irreversible process so a proper oxygenation might be the solution of 
this dilemma.  
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4.6 Phototoxicity on socks’ textiles 
After the unsuccessful phototoxicity tests on samples of human nails, a different approach was 
chosen to continue the investigation. Based on the fact, that socks and shoes play a major role 
in the recurrences of fungal infections, PDI tests were conducted on the typical material of 
socks.  
Disinfection of footwear by means of PDI would be a good step towards killing any possibly 
attached fungi and thus preventing the recurrences of the infection. 
Although the costs for individual socks are not high, they represent an enormous cost factor for 
patients with onychomycosis, as the socks have to be replaced after being worn once. If the PDI 
can be established as a disinfection method for socks, the wearing time of socks could easily be 
extended. 
This idea was tested here on a pair of commercially available socks (80% cotton, 20% polyester) 
at affordable cost in the manner of a hand experiment. 
Two different concentrations of eosin Y (3 mM and 10 mM) were used. A few drops of each 
prepared solution were applied on rectangular piece of the sock’s textile infected with T. 
rubrum. The samples treated in this way were illuminated for 90 minutes. Figure 48 shows the 
results of the phototoxicity tests. As can be seen, eosin Y has had no phototoxic effect on the 
infected samples and T. rubrum grew in the treated and the untreated samples equally. 
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Figure 48: Photographs illustrating phototdynamic activity of eosin Y on cultures of T. rubrum on socks’ textiles. 
For dark control, samples kept in darkness at room temperature. 0 µM represents reference samples. 
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Discussion 
Self-disinfecting shoes and socks are very important for patients with onychomycosis. Wearing 
shoes and socks with the ability of inactivating adherent fungi would help prevent the 
recurrence of infections. Phototoxicity tests were carried out on sock textiles for this purpose. 
However, the results of the tests did not meet the expectations. Eosin Y shows no phototoxic 
effect on T. rubrum spores on sock textiles. Since this approach was only tested in a hand 
experiment, further attempts to determine the cause of the negative result are recommended. 
Sock textiles that are professionally equipped with effective PS could possibly lead to better 
phototoxicity. A higher illumination dose could also increase the potential for phototoxicity of 
PSs. It is also possible that the use of different textiles would influence the results of 
phototoxicity. The socks used here are very thick, thinner socks would reduce the distance of 
the PS to the adhering fungi and thus promote the effect of the PDI. 
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5. Summary and General Discussion
The study was carried out to develop PDI as non-invasive treatment of nail fungal infection. 
The project is divided into three consecutive steps. First, analysis of singlet oxygen kinetics on 
the presence of fungi on surfaces. Second, in vitro phototoxicity tests of the three PSs against 
fungi species. The third step was to test the phototoxicity of the PSs on infected ex vivo models. 
The first two parts were achieved successfully, while some problems occurred when PDI was 
applied in an ex vivo model. Here I will show the possible explanation of the acquired results. 
Since the information about PSs in their microenvironments is very important to demonstrate 
the conditions for high phototoxic effect of the PSs, 2DTRSOL scans were performed in the 
presence of fungi at the beginning of this project.   
The results show similar behaviour of the PSs regardless of the kind of fungi. Also, no big 
difference could be observed between singlet oxygen kinetics, which was validated by statistics 
and the first study. The difference of spore suspension concentrations has nearly no impact on 
the acquired fluorescence and singlet oxygen luminescence signals. A correlation between the 
growth phase of the fungi and the intensities of the fluorescence and singlet oxygen 
luminescence signals can be concluded.  A clear signal of singlet oxygen luminescence was 
observed for up to seven days of the experiment. This indicates the stability of both PSs. The 
study also shows the diffusion of the PSs. TMPyP highly localizes relative to PCor+ as it 
diffuses very fast to the surrounding agar. 
2DTRSOL detection helps to obtain information about singlet oxygen kinetics and the 
behaviour of the PSs in the presence of fungi. This information helps to better develop PDI as 
a suitable alternative to conventional antifungals. 
The scans show a good singlet oxygen luminescence signal for up to one week. This indicates, 
that TMPyP and PCor+ would have a great potential on fungi. To test the phototoxicity of the 
PSs on the involved fungi species, in vitro phototoxicity investigations followed. The in vitro 
phototoxicity tests’ results meet the expectation. TMPyP and PCor+ show a high phototoxic 
effect against T. rubrum, T. interdigitale and S. brevicaulis. The amount of surviving spores 
counts for less than 5% after 30 min illumination and further reduces with longer illumination. 
It is known, that the involved pathogens grow on surfaces, not in suspension cultures, so in vitro 
studies on surfaces would be closer to reality. In order to mimic the natural growth behaviour 
of fungi, in vitro phototoxicity tests were carried out on surfaces. In addition to TMPyP and 
PCor+, the phototoxic effect of eosin Y was also tested on surfaces. Phototoxicity tests on 
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surfaces showed photo-induced death of the three fungi species with the three PSs. No re-
growth of the spores was observed in samples stored two weeks after illumination, all three PSs 
exhibit no dark toxicity. Most of the studies in regard to PDI of onychomycosis are in vitro 
studies. The PSs used here also show very high phototoxic effect in both suspension and 
surfaces while only suspension cultures were investigated in other studies (17; 19; 24; 22; 132). 
The great in vitro potential of the three PSs on the involved fungi was the reason to follow the 
investigation and apply the treatment on an ex vivo model. Human nails were collected from 
healthy volunteers for the application. T. rurbum was chosen to continue this part of the 
investigation as test microorganism as it is considered the most popular causing agent of 
onychomycosis and is also known for its high resistance. Several trials were carried out for ex 
vivo phototoxicity tests. During the different trials, different factors were changed. Old 
infection, fresh infection, water hydrated nails, different PS’s concentrations and different 
illumination powers and times. Unfortunately, no phototoxic effect was achieved on the 
infected nails.  Singlet oxygen luminescence kinetics scans were performed to explain the 
negative results of phototoxicity tests on human nails. The analysis of singlet oxygen kinetics 
is the direct method to determine the expected impact of a PS. In this part, NAC was used as 
chemical enhancer to overcome the low permeability of the nail barrier and allow eosin Y to 
diffuse through the nail plate. Additionally, molecular oxygen was blown on the surface of 
nail samples during scan in an on/off regime. No clear singlet oxygen kinetics was detected 
on the surface of human nails. Only a very small amount of singlet oxygen was produced, 
which was slightly increased with an oxygenated atmosphere. Two different concentrations of 
eosin Y (300 µM and 3 mM) were used. Scans show slight difference between the two 
concentrations. The difference in the total number of counts between the aerated and 
oxygenated atmospheres indicates that there is a generation of singlet oxygen, which is 
enhanced with additional molecular oxygen. The use of NAC was not the right choice. NAC 
is a very effective enhancer, which is widely used for drug delivery purposes (158). However, 
cysteine is one of the amino acids that is considered as a chemical quencher of singlet oxygen. 
So another enhancer with lower quenching effect should be used for PDI application. The 
chemical composition of the nail plate and its complexity is a challenge any treatment faces. 
For a PDI treatment modality, the high content of singlet oxygen quenching amino acids in 
the chemical structure of the nail is an additional challenge (137; 159). Based on the fact, that 
chemical quenching is an irreversible process, a proper oxygenation could be the solution. In 
2015, Smiji et al (20) show a very interesting ex vivo study. They used an invasive 
multifunctional PS which acts as enhancer and PS at the same time. They used a porphyrin 
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sensitizer designed especially for their studies called 5,10,15-tris(4-N-methylpyridinium)-20-
(4-(butyramido-methylcysteinyl)-hydroxyphenyl)-[21H,23H]-porphine trichloride 
(PORTHE). This multifunctional PS was able to exhibit complete cure of infected nail 
clippers as ex vivo model. They also mentioned that PORTHE’s photodynamic action is a type 
I action, which is dominant in environments with low oxygen concentrations. This is 
somehow consistent with the results observed here. Singlet oxygen scans on the surface of 
human nails have shown, that the oxygen concentration in the nail microenvironment is very 
low. Based on the fact, that the PSs used here act through Type II action, adequate 
oxygenation is required to produce sufficient amount of singlet oxygen to lead to high toxicity 
on human nail infections. The use of Type I PSs in oxygen-depleted nail environments is 
another solution. Despite the great potential of PORTHE PS on infected human nails, no in 
vivo studies have yet been conducted by Smijis group. Some other studies use bovine hooves 
or nail powder instead of human nails. The complexity of the human nail plate cannot be 
expressed by bovine hooves or nail powder. Bovine hooves are found to be more porous than 
nails, and the alteration of their penetration is much easier than for human nails (160).  
The final part of the plan of this study was the clinical trials with onychomycosis patients, which 
were not started due to the negative results of the ex vivo experiments. In order to continue the 
investigation from a different perspective, the possible photodynamic disinfection of footwear 
was investigated. The idea of using disinfected footwear has already been pursued. There are 
publications on the use of sterilized and disinfected insoles e.g. by ultraviolet LEDs  (161–163). 
Although patents were filed several years ago, such soles are not yet in use. Therefore, it is 
important to further develop this idea for the disinfection of shoes and socks. The hand 
experiment carried out in the course of these investigations is neither sufficient to confirm the 
idea nor to reject it. Further experiments are therefore advisable. 
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6. Conclusions and Outlook 
In this thesis, the efficacy of PDI was tested on onychomycosis causing pathogens. Three PSs, 
TMPyP, PCor+ and eosin Y were used. The behaviour under PDI treatment of the prevalence 
pathogenic dermatophytes, T. rubrum, T. interdigitale, and of the mold fungi S. brevicaulis was 
investigated. During the study, in vitro and ex vivo phototoxicity tests were carried out. As 
mentoring method, 2DTRSOL detection was applied to fungal surfaces and on healthy nail 
surfaces for the first time. 
Singlet oxygen scans on human nails show a very low concentration of singlet oxygen. The 
signal of singlet oxygen on the nails was slightly improved in an oxygen-enriched atmosphere. 
For this reason, a proper oxygen supply is required for a better singlet oxygen production and 
thus a higher phototoxic effect. The oxygenation method should avoid a possible contamination 
with spores by diseased nails. Another approach to overcoming the problem of oxygen-depleted 
nail environments is to use the Type I PDI mechanism, as the Type I PDI mechanism dominates 
in environments with low oxygen concentrations. 
PDI could be the desired alternative for conventional treatment modalities. Efficient treatment 
of toenail infections within short time and without recurrences of the infection could be 
achieved with PDI. With the suggested improvements, our PSs would possess a great potential 
for PDI of onychomycosis. PDI could also be used as disinfection method after treatment with 
antifungals to prevent the recurrences of the infection. It would be a great step to apply the PDI 
on antifungally treated nails on patients to see the potential of PDI to prevent the reinfection. 
Application on patients and outside of lab conditions deserve a trial. 
Not only as a disinfection method for treated nails, but also for footwear. Sensitizing shoes and 
sock materials must be developed in such a way that they kill all adhering fungi and thus prevent 
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